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ABSTRACT 


Intermetallics  offer  significant  potential  in  a  variety  of 
military  applications.  Current  processing  does  not  produce 
significantly  small  particle  sizes  to  permit  the  injection  molding 
of  complex  geometry  components.  In  this  Phase  I  program,  the 
processes  of  gis  phase  plasma  reaction  and  plasma  initiated  SHS 
reactions  (PSHS)  were  investigated  to  produce  small  (<  5  urn) 
intermetallic  particles  suitable  for  injection  molding.  The  gas 
plasma  reaction  process  failed  to  produce  intermetallic  powders 
with  a  precise  stoichiometric  control.  By  contrast,  the  PSHS 
process  was  successful  in  producing  fine  (kSmih  size)  ,  irregular 
shaped  powders  of  NiAl  with  excellent  control  of  composition.  Both 
stoichiometiry  control  and  capability  of  alloying  with  ternary 
additions  was  demonstrated  for  the  PSHS  process  and  molded  powders 
were  sintered  to  >96%  density  in  preliminary  test  which  provides 
the  basis  for  a  proposed  scale-up  under  a  Phase  II  program.  The 
PSHS  process  can  be  projected  to  produce  particles  at  attractive 
economics  of  $10-50/lb.  A  novel  process  termed  Cathode  Arc 
Transport  (CAT)  was  demonstrated  to  produce  ultra-fine  (300-500nm) 
spherical  intermetallic  powders.  Excellent  compositional  control 
was  demonstrated  in  the  CAT  transfer  process  to  produce  alloy 
powder.  Nanometer  intermetallic  particles  offer  significant 
promise  to  microstructural  control  to  achieve  unusual  and  enhanced 
mechanical  properties. 


II.  INTRODUCTION 


A.  General  Background 

Performance  and  weight  goals  for  current  and  future 
generations  of  military  systems  have  spurred  the  development  of 
improved  materials  capable  of  operating  at  ever  increasing  stresses 
and  temperatures.  While  the  existing  Ni'-base  superalloys  perform 
exceptionally  well  up  to  1100 *C,  the  density  penalty  is  too  severe 
for  many  future  systems.  A  host  of  novel  materials  including 
polymer,  ceramic,  metal  and  intermetallics  are  being  developed  to 
satisfy  the  projected  need.  Intermetallics  have  a  broad  base  of 
applications  as  monolithics  and  composites.  Among  the  variety  of 
Intermetallics,  the  aluminides  have  generated  considerable  interest 
in  the  scientific  community  because  of  their  low  density,  excellent 
oxidation  resistance  and  high  strength  potential.  These 
properties,  combined  with  their  low  volume  diffusion  coefficient  in 
the  ordered  lattice  and  good  creep  resistance  makes  aluminide 
intermetallics  (especially  those  of  nickel  and  titanium)  the  most 
likely  candidates  for  use  in  next  generation  of  advanced  military 
systems . 

Intermetal lie  phases  are  compounds  of  metals  with  lattice 
structures  considerably  different  from  those  of  the  constituent 
metals.  Unlike  metals  and  alloys,  the  constituent  elements  are 
known  to  occupy  specific  positions  in  the  unit  cell  (for  example, 
either  at  the  unit  cell  corners  or  face  centers  etc.)  leading  to  an 
'ordered*  structure,  hence  the  name  'ordered  alloys'*.  The  tendency 
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for  such  atomic  arrangements  is  often  driven  by  the  lower  A-B  bond 
energy  than  the  A-A  and  B-B  bond  energies,  thereby  maximizing  the 
number  of  unlike  (atomic  species)  neighbors.  This  lower  A-B  bond 
energy  creates  an  unusually  stable  structure  with  the  melting  point 
of  these  intermetal lies  (especially  the  aluminides)  exceeding  the 
melting  points  of  one  or  both  constituent  elements.  For  example, 
while  the  melting  points  of  Ni  and  Al  are  1453  *C  and  660 *C,  that  of 
NiAl  is  1638 *C.  It  is  this  stable  bonding  which  is  believed  to  be 
responsible  for  their  high  elastic  modulus  and  the  exceptionally 
good  modulus  retention  at  high  temperatures,  the  low  volume 
diffusion,  good  creep  resistance  and  strength  at  high  temperatures. 
The  dislocation  dynamics  in  the  ordered  lattices  are  different  from 
conventional  metals  and  alloys  and  sometimes  lead  to  unusual 
properties  like  increasing  (rather  than  decreasing)  strength  with 
increasing  temperatures. 

Although  ceramics  exhibit  equally  (if  not  better)  high  modulus 
retention,  low  volume  diffusion,  good  resistance  to  environmental 
degradation,  good  elevated  temperature  strength  and  creep 
resistance,  a  significant  advantage  of  intermetal lies  is  their 
transition  from  the  brittle  state  to  ductile  state  at  high 
temperatures  (the  specific  temperature  depending  upon  the 
intermetallic  system) .  Furthermore,  their  ambient  temperature 
fracture  toughness  is  generally  higher  than  ceramics.  Thus, 
intermetallics  are  often  regarded  as  exhibiting  a  compromise 
behavior  between  ceramics  and  disordered  alloys  (metals) . 
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B.  Ductillty/Fractura  Toughnass  of  Intaraatallics 


Schulson  [1]  first  proposed  the  concept  of  ductilizing 
intermetallics  through  grain  size  refinements.  The  concept  was 
experimentally  demonstrated  by  Schulson  and  Barker  [2]  for  Ni-49A1 
at  400*C  (see  Figure  1).  NiAl  deforms  by  <100>  slip  [3]  which 
provides  only  three  independent  slip  systems  [4]  instead  of  the 
five  required  by  von  Mises  criterion  [5]  for  general  plastic 
deformation.  That  the  grain  size  refinement  approach  was  able  to 
successfully  ductilize  an  intermetallic  which  is  normally  limited 
by  the  number  of  available  deformation  modes  is  indicative  of  the 
promise  for  this  approach  being  successful  in  other  similar 
intermetallics. 


Grain  Size,  )ini 

Figure  l.  Ductility  vs.  grain  size  data  for  tensile  tests  in  NiAl 
at  400*C. 
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Recently,  Chan  [6]  has  re-analyzed  the  elongation  vs.  grain 
size  data  of  Schulson  and  Barker  [2]  and  modeled  the  deformation 
behavior  through  a  theoretical  analysis  of  crack  instability.  The 
"brittle"  to  "ductile"  transition  was  indeed  shown  to  be  a  natural 
consequence  of  a  decreasing  crack  size  in  a  fracture  process 
dictated  by  a  critical  J  (the  J-integral)  or  K  (stress  intensity) 
criterion.  Chan's  analysis  suggests  that  for  a  constant  fracture 
toughness,  the  form  of  the  elongation  vs.  grain  size  graph  was 
similar  to  that  obtained  by  Schulson  and  Barker  [2]  (See  Figure  2) . 
Noebe  et  al.[7],  using  the  fracture  toughness  data  of  NiAl  by  Reuss 


and  Vehoff  [8] 

and 

elastic  constants 

data 

of  Harmouche 

and 

Wolfenden  [9], 

have 

also  reported  a 

good 

match  between 

the 

ductility  vs.  grain  size  behavior  for  powder  processed  NiAl  and 


Grain  Size,  iun 


Figure  2.  Theoretical  grain  size  dependence  of  tensile  ductility 
based  on  J-integral  criterion. 
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Chan's  model.  Like  the  cast  and  extruded  NiAl  alloy  examined  by 
Schulson  and  Barker,  the  'critical'  grain  size  in  powder  processed 
NiAl  at  427 °C  was  also  «20/im.  At  lower  temperatures  (e.g.  at  room 
temperature) ,  however,  the  predicted  critical  grain  size  from 
Chan's  analysis  is  approximately  O.S/xm  [10]  and  is  strongly 
dependent  upon  the  material  fracture  toughness.  Increasing 
fracture  toughness  values  were  predicted  to  only  shift  the 
ductility  vs.  grain  size  graph  towards  higher  ductility  values  (for 
similar  grain  sizes)  without  altering  the  form,  see  Figure  2.  A 
closer  examination  of  Schulson  and  Barkers'  data,  however,  also 
indicates  that  observed  grain  size  dependence  is  larger  than  that 
anticipated  from  sub-critical  crack  nucleation  alone,  presumably 
due  to  the  added  benefits  of  other  properties,  for  example,  the 
fracture  toughness  and  tearing  modulus  being  enhanced  by  a  reduced 
grain  size. 

Stonesifer  and  Armstrong  [11]  have  noted  a  grain  size 
dependence  of  fracture  toughness  of  the  form 

Kic  =  s''  d-" 

where  Kj^.^  is  the  fracture  toughness  of  the  single  crystal,  c  is  a 
constant,  s  is  the  plastic  zone  size,  k  is  the  Hall-Petch  slope 
(yield  strength  vs.  grain  size)  and  d  the  grain  size.  The  equation 
suggests  increased  fracture  toughness  for  decreased  grain  sizes. 
Such  grain  size  dependence  for  fracture  toughness  has  been 
experimentally  demonstrated  for  plain  carbon  steel  by  Curry  and 
Knott  [12]  and  for  austenitic  stainless  steel  by  Stonesifer  and 
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Armstrong.  Recently,  Kostrubanic  et  al.[13]  have  also  demonstrated 
significant  improvements  in  measured  fracture  toughness  of  the  B2 
intermetallic  Ni-35Al-20Fe  processed  through  a  mechanical  alloying 
route.  The  improved  fracture  toughness  of  the  intermetallic  of  the 
B2  intermetallic  was  attributed  to  decreased  grain  sizes  («2Min)  . 
An  improved  fracture  toughness  from  decreased  grain  sizes  could 
only  have  a  beneficial  effect  on  the  tensile  ductility. 
Furthermore,  Hall-Petch  relationships  predict  improved  strength 
with  decreasing  grain  sizes. 

Although  It  is  generally  believed  that  reducing  the  grain  size 
would  impair  the  creep  properties  of  the  material,  Whittenberger 
[14]  suggested  that  for  very  small  grain  sizes  (of  the  order  of 
sub-grain  size) ,  the  creep  properties  should  be  improved.  In  fact, 
several  investigators  (Vandeirvoort  et  al.[15],  Yang  and  Dodd  [16], 
Whittenberger  [14,17])  have  already  noted  the  anomalous  behavior  of 
improved  creep  resistance  for  NiAl  with  very  fine  (<15Mm)  grain 
sizes.  Since  NiAl  exhibits  sub-grain  formation  during  deformation, 
it  was  hypothesized  that  maintaining  a  stable  grain  structure 
smaller  than  the  equilibrium  sub-grain  size  should  strengthen  the 
material.  Indeed,  Vedula  et  al.[18]  have  already  demonstrated  that 
the  flow  stress  of  Ni-50A1  at  1027 ’C  for  a  strain  rate  of  2  x  10'* 
sec"’  more  than  doubled  from  15  to  33  MPa  when  the  grain  size  was 
reduced  from  48^1"  to  2nm.  Unfortunately,  this  behavior  was  not 
consistent  since  Ni-48A1  and  Ni-52A1  did  not  exhibit  any 
improvement  with  decreased  grain  sizes.  Additionally,  the  existing 
techniques  of  improving  creep  resistance  with  particulate 
reinforcements  are  often  hampered  by  the  resulting  low  temperature 
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embrittlement  (or  loss  of  ductility)  in  the  not~so-ductile 
intermetallic.  Should  significant  improvement  in  ductility  be 
possible  through  grain  size  refinement,  some  loss  in  ambient 
ductility  with  particulate  reinforcements  could  be  tolerated  if 
offset  by  improved  creep  resistance. 

A  second  reason  for  producing  fine  powders  is  their  improved 
sinterability  in  injection  molded  components.  While  the  low  volume 
diffusion  coefficient  in  the  ordered  lattice  is  generally 
considered  beneficial  from  microstructural  stability  and  creep 
resistance  point  of  view,  it  also  leads  to  poor  sintered  densities. 
A  smaller  particle  size,  besides  providing  for  good  mold  fill, 
finer  detail,  easy  removal  of  binder  and  isotropic  shrinkage  during 
the  injection  molding  operations,  will  alsc  lead  to  a  higher  green 
density  thereby  increasing  the  density  of  the  sintered  product. 

Thus,  by  reducing  the  grain  size  of  the  microstructure, 
besides  improved  sintered  densities  during  injection  molding,  the 
room  temperature  mechanical  properties  of  intermetal lies  may  be 
enhanced  to  levels  currently  unobtainable  through  conventional 
processing.  Furthermore,  such  enhancements  in  room  temperature 
mechanical  behavior  will  not  necessarily  be  achieved  at  the  expense 
of  elevated  temperature  mechanical  properties. 

c.  Proposed  Processes  for  Intemetallic  Powder  Production 

Two  processes  were  proposed  to  be  investigated  for  the 
production  of  fine  (<  20/im)  intermetallic  powders.  The  first 
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process,  termed  the  Gas  Phase  Plasma  Reaction,  consists  of  a 
reaction  between  a  metal  chloride  and  aluminum  to  produce 
intermetal lie  aluminides.  In  this  procaas,  the  metal  chloride  and 
aluminum  are  vaporized  into  an  argon  and/or  hydrogen  inductively 
coupled  plasma  where  the  reaction  occurs  to  produce  fine  powders. 
A  schematic  of  the  experimental  set-up  for  the  reaction  is  shown  in 
Figure  3.  The  choice  of  mole  fractions  of  the  metal  chloride  and 
the  aluminum  is  based  on  the  stability  of  desired  aluminides  within 
any  specific  temperature  rang-?  as  predicted  by  thermodynamic 
calculations.  Since  the  reaction  product  is  quenched  from  th  .  gas 
phase,  the  resulting  powder  size  is  in  the  micron  to  sub-micron 
range  and  spherical  in  shape.  Such  powders  are  generally 
considered  ideal  for  injection  molding.  Some  of  the  questions  to 
be  answered  were  if  the  powder  could  be  produced  without 
contamination  from  chlorides  or  other  residual  metallic  impurities 
and  whether  the  composition  of  the  powder  could  be  controlled. 

The  second  process  to  be  investigated  was  Self  Propagating 
High  Temperature  Synthesis,  commonly  referred  to  as  SHS  reactions. 
Here  the  metal  powders  constituents  are  mixed  in  a  prescribed 
powder  size  and  reacted  using  a  spark  or  ignition  coil  initiation 
of  reaction  to  produce  the  intermetallic  powders.  Once  initiated, 
the  reaction  proceeds  on  its  own  without  the  need  for  any  external 
energy  sources,  driven  by  the  exothermic  nature  of  the  reaction. 
The  spark  or  ignition  coil  initiation  usually  results  in  a 
wavefront  reaction  propagation.  In  a  variation  to  this  process, 
HER  discovered  that  the  process  can  be  preferably  initiated  under 
the  action  of  an  inductively  coupled  argon  plasma.  The  primary 
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Experimental  Set-up  for  Gas  Phase  Plasma  Reaction 
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differences  with  the  conventionally  practiced  process  are  the  high 
rate  of  heating  (the  rate  of  heating  has  been  mentioned  by  some 
researchers  e.g.  Munir)  to  be  an  independent  variable  affecting  the 
reaction  and  the  high  thermal  conteni:  of  the  plasma  which  can 
successfully  initiate  even  weakly  exothermic,  dif ficult-to-initiate 
reactions.  For  example,  the  reaction  between  Ti  and  Al  to  produce 
TijAl  is  weakly  exothermic,  and  while  the  reaction  cannot  be 
ignited  using  an  ignition  coil,  MER  has  demonstrated  the  production 
of  TijAl  using  Plasma  Initiated  SHS  reactions  (PSHS) .  A  schematic 
of  the  PSHS  reaction  is  shown  in  Figure  4. 
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Figure  4.  Schematic  of  the  PSHS  process. 


For  the  present  investigation,  it  was  decided  to  produce  fine 


powders  of  the  intermetallic  NiAl.  The  phase  stability  region  of 
NiAl  is  shown  in  Figure  5. 


D«  Properties  of  Nickel  Aluaini4e 


The  yield  strength  of  nominally  stoichiometric  KUl  eas  noted 
by  Rorner  and  WasilewsKi  (20,  to  Oe  essentially  independent  of 
temperature  up  to  eoo-c,  beyond  which  the  strength  was  markedly 
dependent  upon  temperature.  Pascoe  and  Hewey  [21,  have  shown  the 
yield  strength  of  Niai  to  be  sensitive  to  the  composition;  the 

yield  strength  was  observed  to  be  a  minimum  for  the  stoichiometric 

composition(i.e.  Ni-3i  4  wi- 

•  wt.%Al),  increasing  with  increasing 

deviations  from  stoichiometry,  with  the  rate  of  increase  being 
higher  on  the  Al-rich  side  than  the  hi-rich  side.  The  variation  of 
yield  strength  with  temperature  was  similar  for  the  stoichiometric 
and  off-stoichiometric  alloys  although,  the  .critical  temperature, 
beyond  which  the  strength  decreased  sharply,  was  .highest  for  the 
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stoichiometric  composition  and  decreased  with  increasing  deviation 
from  stoichiometry,  similar  to  th'S  variation  of  solidus  temperature 
with  composition  [19],  reflecting  a  dependence  of  strength  on 
solidus  temperature  i.e.  loss  of  strength  being  attributable  to 
increased  diffusion  activity. 

There  are  no  known  reports  of  tensile  ductility  in  NiAl  single 
crystals.  Rozner  and  Wasilewski  [20]  first  reported  limited  room 
temperature  uensile  ductility  («2.5%)  fov  polycrystalline,  near- 
stoichiometric  NiAl,  processed  through  casting  and  extrusion 
route,  although  the  grain  size  and  wet  chemical  analysis  results 
were  not  reported.  In  the  studied  temperature  range  of  -196”C  to 
llOO’C,  the  tensile  ductility  was  observed  to  be  essentially 
constant  from  room  temperature  to  «400*C.  The  room  temperature 
result  was  recently  reproduced  by  Hahn  and  Vedula  [22]  who  reported 
the  grain  size  to  be  11-16  pm  and  the  wet  chemical  analysis  results 
as  Ni-31.6  wt.%Al  (Ni-50.3  at.%Al).  These  results  are  in  sharp 
contrast  to  those  by  Grala  [23]  who  observed  no  tensile  ductility 
below  600 'C.  Ball  and  Smallman  [24]  studied  the  mechanical 
behavior  of  cast,  polycrystalline  NiAl  (stoichiometric  arid  off- 
stoichiometric)  in  compression  and  reported  a  brittle-to-ductile 
transition  behavior  of  =s0.45Tm.  The  fracture  behavior  was  noted  by 
Pascoe  and  Newey  f5l]  as  generally  intergranular  for  fine  grained 
polycrystals  (aSOpm  grain  sizes)  with  an  increasing  tendency  for 
cleavage  fracture  with  increasing  grain  sizes.  Single  crystals 
were  observed  to  fail  by  cleavage  on  (110)  planes  [21]. 

The  usual  slip  system  for  NiAl  was  identified  to  be  (110)<100> 


by  Ball  and  Smallman  [13]  although  Wasilewski,  Butler  and  Hanlon 
[25]  have  reported  the  operation  of  both  {110)<100>  and  {100)<100> 
slip  in  NiAl  single  crystals.  A  <100>  slip  vector  provides  only 
three  independent  slip  systems  regardless  of  the  number  of  planes 
on  which  slip  occurs  [4].  Since  uniform,  volume  conserving 
deformation  requires  the  operation  of  at  least  five  independent 
slip  systems,  often  referred  to  as  von  Mises  criterion  [5],  the 
brittleness  of  NiAl  has  often  been  ascribed  to  the  lack  of 
sufficient  number  of  independent  slip  systems. 

Attempts  at  increasing  the  number  of  independent  slip  systems 
(that  is,  changing  the  slip  system  to  {110)<111>)  of  NiAl  through 
macroalloying  additions,  while  successful  for  additions  (s;5  at.%) 
of  Cr  and  Mn,  failed  to  produce  any  ductility  improvements  [26]. 
By  contrast,  macroalloying  NiAl  with  Fe  in  work  by  the  principal 
scientist  on  this  program,  produced  ~2.5%  elongation  and  a  high 
yield  strength  of  800  MPa  [27]  (compared  to  the  yield  strength  of 
250  MPa  and  2.5%  elongation'  for  stoichiometric  NiAl  [22]),  but 
failed  to  change  the  slip  vector  to  <111>  [27].  It  should  be 
noted,  however,  that  grain  size  refinement  still  holds  appreciable 
promise  for  enhancing  the  ductility/fracture  toughness  of 
intermetallics. 

-it 

Thus,  NiAl-based  alloys,  although  attractive  due  to  their 
excellent  oxidation  resistance,  high  stiffness  (Young's  modulus  of 
polycrystalline  alloy:  «240  GPa  [9]),  and  low  density  (5.8  for  Ni- 
50at.%Al)  for  structural  applications,  are  limited  by  their  low 
ductility  (if  not  outright  brittleness)  at  ambient  temperatures. 
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At  intermediate  temperatures  («0.4  5  Tm)  ,  they  undergo  a  brittle-to- 
ductile  transition  but  also  lose  strength  rapidly  with  increasing 
temperatures . 

In  summary,  previous  research  indicates  the  possible 
mechanical  property  enhancements  obtainable  by  a  reduced  grain 
size.  Further,  since  the  volume  diffusion  coefficient  is  low  in 
the  NiAl  ordered  lattice  (and  minimum  at  the  stoichiometric  Ni- 
50at.%Al  composition),  a  reduced  particle  size  may  improve  the 
sinterability  for  injection  molded  articles.  To  achieve  this  dual 
goal  of  improved  mechanical  properties  and  improved  sinterability 
of  injection  molded  components,  it  is  necessary  to  pr-oduce 
intermetallic  powders  (NiAl)  with  very  small  particle  sizes.  For 
practical  implementation  into  military  systems  it  is  also  necessary 
to  produce  alloy  powders  and  the  process  must  be  more  economical 
than  the  current  rapid  solidification  particle  processes  which,  in 
addition  to  high  cost,  produce  particles  too  large  for  injection 
molding. 
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III.  PHASE  I  RESEARCH  OBJECTIVES 


The  objective  for  this  Phase  I  investigation  was  the 
development  of  an  inexpensive  process  for  the  production  of  pre¬ 
alloyed,  ultrafine  intermetallic  aluminide  powders  for  injection 
molding  applications.  The  specific  objective  was  the  investigation 
into  Gas  Phase  Plasma  Reactions  and  Plasma  Initiated  SHS  reactions 
as  possible  routes  to  the  production  of  intermetallic  powders.  The 
primary  emphasis  of  the  Phase  I  program  was  to  be 

•  the  identification  of  process  variables 

•  the  demonstration  of  ternary  element  alloying  capability 
for  the  intermetallic  powders 

•  the  demonstration  of  the  ability  to  exercise  control  over 
the  composition  of  intermetallic  powders 

•  the  demonstration  of  ability  to  produce  contamination 
(second  phase)  free  intermetallic  powders. 

The  program  objective  included  supplying  the  program  Technical 
Monitor  of  a  small  amount  of  ultra-fine  intermetallic  powders 
produced  through  either  process.  At  the  conclusion  of  the  Phase  I 
investigation,  judging  by  the  results  obtained  from  both  processes, 
one  of  the  precedes  was  to  be  scaled  up  under  the  Phase  II 
program.  The  Phase  il  program  was  also  intended  to  be  a  more 
complete  investigation  into  the  effect  of  process  variables  on 
intermetallic  particle  size  and  yield. 
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IV.  RESEARCH  PROCEDURES 

The  processes  and  techniques  utilized  to  produce  ultrafine 
pre-alloyed  internietallic  powder  and  the  methods  of  evaluation  are 
given  in  the  following  sub.-sections .  The  processes  were  to  be 
investigated  with  respect  to  the  following  powder  characteristics 
(listed  in  increasing  order  of  importance): 

•  shape  of  powder 

•  size  of  powder 

•  purity  of  powder 

•  compositional  control 

•  ternary  and  quaternary  alloying  capability 

A.  Gas  Phase  Plasma  Reaction 

Figure  3  is  a  schematic  illustration  of  the  reactor  utilized 
for  the  Gas  Phase  Plasma  reactions.  The  setup  consists  of  a  vacuum 
chamber  (quartz  tube)  placed  within  an  induction  coil  with  a  vacuum 
being  drawn  from  the  bottom;  inert  (argon)  gas  is  introduced  from 
the  top  to  allow  the  gas  to  settle  by  its  weight  thereby  displacing 
the  entrapped  air  molecules.  Using  the  above  set-up,  a  vacuum  of 
up  to  10  millitoriScan  easily  be  obtained  which  is  sufficient  for 
the  present  investigation.  Since  the  nickel  aluminide  was  to  be 
synthesized  through  a  gas  phase  reaction  of  nickel  chloride  with 
aluminum,  both  anhydrous  Nicl^  and  elemental  A1  were  placed  within 
the  RF  field  in  graphite  crucibles.  The  low  volatilization 
temperature  of  Nicij  makes  the  reaction  possible. 
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since  a  control  of  the  purity  and  composition  of  the 
intermetallic  powder  requires  a  control  over  the  input  ratio  of 
NiClj  and  A1 ,  and  because  elemental  Al  powder  was  discovered  to  be 
impossible  to  transfer  successfully  at  a  controlled  rate  using  a 
laboratory  scale  set-up,  controlled  introduction  of  reactants  was 
attempted  through  a  design  of  the  crucibles.  At  a  given 
temperature  (assumed  to  be  the  crucible  temperature),  the  vapor 
pressures  of  both  NiClj  and  elemental  Al  were  determined  and  the 
rates  of  evaporation  (thereby  the  rate  of  introduction  of  reactants 
into  the  plasma)  were  compensated  using  different  exposed  areas  of 
crucibles  containing  the  reactants.  One  problem  with  this  approach 
was  discovered  to  be  the  different  coupling  efficiency  in  the 
induction  field  of  differently  sized  crucibles.  Hence,  while  the 
NiClj  volatilized  rapidly  (and  was  soon  exhausted) ,  the  Al  barely 
melted  or  its  low  temperature  did  not  produce  sufficient  vapors. 
This  problem  of  control  over  composition  of  gaseous  mixture  led  to 
abandonment  of  this  approach  of  controlled  vapor  release  of  the 
reactants  in  the  Argon  plasma. 

The  alternate  approach  to  this  gas  phase  reaction'  was 
introduction  of  reactants  in  a  powder  form  in  a  controlled  ratio 
and  heating  of  the  powdered  mixture  at  a  high  rate  to  ensure 
volatilization  of “^oth  constituents  simultaneously.  While  this 
approach  worked  in  principle,  as  will  be  presented  later,  the 
results  were  disappointing,  due  to  a  lack  of  precise  control  of  the 
reactant  vapor  mixture  in  the  plasma.  Although  nickel  aluminide 
(NiAl)  was  successfully  produced  by  this  approach,  the 
intermetallic  was  contaminated  with  residual  chloride,  Ni,  Al  or 
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NijAl  impurity. 


B.  Plasma  Initiated  SKS  Reactions 

Self-propagating  high  temperature  synthesis  (SHS)  reactions 
are  well  known  [28]  and  have  been  extensively  investigated  to 
produce  a  variety  of  materials.  Typically,  the  materials  formed 
from  a  SHS  reaction  are  a  loosely  bound,  partially  sintered  porous 
mass.  The  general  criterion  for  SHS  reactions  is  that  AH/C^  > 

8=2000 ’K  in  order  for  the  reaction  to  be  self-sustaining.  Another 
criterion  is  that  the  adiabatic  temperature  T^^,  of  combustion  should 
be  >  »1800*K.  The  adiabatic  temperature  of  NiAl  has  been  reported 
to  be  1923 ’K  [29]  which  satisfies  the  above  criteria.  For  weakly 
exothermic  reactions  like  TijAl,  the  reaction  will  not  be  self- 
sustaining  unless  the  ambient  were  raised  to  or  near  the..,e 
temperatures.  The  SHS  reaction  is  typically  initiated  utilizing  a 
hot  wire  and  the  reaction  propagates  along  a  wavefront  at  a  speed 
^n  the  range  of  0.15-15  cm/sec  until  the  reaction  body  is  reacted. 

Reactions  that  have  T^j,  <  1800*K  and/or  AH/Cp  <  2000  are  Weakly 
exothermic  and  will  not  self-ignite  unless  external  heat  is 
provided  to  raise  the  ambient  such  that  the  ignition  (ambient) 
temperature  plus  T^  exceeds  1800 ’K.  In  case  of  TijAl,  the  ambient 
must  be  raised  above  the  melting  point  of  aluminum  and  can  be  as 
high  as  1000-1200 *K.  In  case  of  NiAl,  however,  the  reaction  would 
be  expected  to  be  self-sustaining.  Induction  heating  at  lower 
frequencies,  e.g.  at  476  kHz  was  equivalent  to  resistance  heating  i 

4 

in  that  the  reaction  would  initiate  only  when  the  thermal  rise  was  I 
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high  enough  that  >  1800 ‘K.  However,  for  a  frequency  in  the 
range  3-8  MHz  in  an  argon  atmosphere,  a  plasma  is  generated  that 
instantly  initiates  the  reaction  (weakly  exothermic  or  not) 
uniformly  throughout  the  body. 

Plasma  initiation  of-  an  SHS  reaction  is  achieved  by  placing 
the  body  for  reaction  in  an  argon  plasma  (or  any  other  gas)  that 
immediately  initiates  the  reaction  uniformly  and  simultaneously 
throughout  the  body.  Since  the  reaction  is  initiated  uniformly 
throughout  the  body,  in-situ  compaction  is  readily  achievable  by 
application  of  pressure,  similar  to  hot  forging  that  produces  net 
shapes.  MER  developed  the  plasma  initiated  SHS  process  prior  to 
this  program  which  is  in  the  process  of  patent  application.  The 
PSHS  reaction  has  been  demonstrated  with  a  number  of  ceramic  and 
intermetallic  systems  including  borides,  carbides,  aluminides  of 
nickel,  niobium  and  titanium  etc.  For  the  purpose  of  the  present 
program,  however,  attention  was  directed  towards  producing  a  porous 
reacted  mass  for  easier  (subsequent)  de-agglomeration  into  powders. 
Also,  the  primary  focus  was  the  production  of  impurity  free 
intermetallic  powders  and  alloying  of  these  intermetall ics  -with 
ternary  elements. 

In  this  program,  the  nickel  and  aluminum  powders  used  were  an 
average  of  3/im  in  diameter.  The  powders  were  mixed  (both  wet 
mixing  in  toluene  and  dry  mixing  were  investigated)  and  pelletized 

at  different  pressures  (typically  in  the  range  15ksi-25ksi)  ;  two 

* 

different  pellet  sizes  (V*  and  diameter  pellets)  were 
investigated.  Different  Ni-to-Al  ratios  and  weight  fractions  of 
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diluents  (carbon  and  previously  reacted  NiAl)  were  investigated. 
The  argon  plasma  was  generated  using  an  induction  coil  «3"  in 
diameter,  «4"  long  with  6  turns;  the  phase  II  program  will 
investigate  the  effect  of  different  field  strength  on  the  reaction. 
The  pellets  were  reacted  in  the  argon  plasma  until  completion 
(typically  minute)  and  subsequently  de-agglomerated  into  powders 
using  a  4"  diameter  ball  mill.  We  have  recently  finished  the 
construction  of  a  12"  diameter  ball  mill  which  is  expected  to 
increase  the  efficiency  of  the  deagglomeration  process.  The 
resulting  powder  was  screened  and  examined  using  SEM  and  x-ray 
diffraction. 

C.  Cathode  Arc  Transport 

Another  plasma  process  with  great  versatility  that  was 
investigated  in  this  program  is  often  referred  to  as  the  low 
temperature  cathode  arc  transport  process.  Originally  developed  as 
a  coating  process,  in  this  program  the  p'ocess  was  adapted  for 
producing  ultra-fine,  spherical  intermetallics  powders. 

The  original  process  as  typically  utilized  to  deposit  coatings 
is  shown  in  Figure  6.  The  process  consists  of  striking  an  electric 
arc  between  two  or  more  electrode  materials  to  be  vaporized  under 
a  vacuum  of  10'^  to  10'®  torr.  The  DC  electric  current  can  vary  from 
50  to  several  hundred  amperes  with  voltages  in  the  range  of  75  to 
120  volts.  This  process,  accordingly,  necessitates  a  low  voltage 
high  current  arc  unlike  the  atmospheric  plasma  where  several 
hundred  volts  may  be  required  [30].  The  unique  feature  of  this 
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process  is  that  the  plasma  is  generated  by  small  (10'®  to  10'^  m  in 
diameter)  arc  spots  that  move  rapidly  and  randomly  over  the  cathode 
material  [31],  with  the  temperature  of  these  spots  reaching  as  high 
as  10,000'’K.  The  arc,  therefore,  traverses  the  surface  of  the 
cathode  and  vaporizes  it  into  a  high  energy  plasma.  A  high 
percentage  (up  to  100%)  of  the .materials  eroding  from  the  cathode 
arc  are  emitted  as  ions  [32]  with  high  kinetic  energies  [33]  in  the 
range  of  10-100  eV.  These  ions,  therefore,  travel  at  considerable 
velocities,  estimated  to  be  as  high  as  10^  m/sec  [34].  In 
addition,  most  of  the  ions  tend  to  travel  away  from  the  cathode, 
and  can  be  condensed  to  very  fine  particles  in  the  cooler  regions 
of  the  plasma,  with  compositions  the  same  as  the  source  material 
(because  of  the  super  nigh  temperature  of  the  arc  spots) . 
Accordingly,  low  temperature  cathode  arc  transport  processes  offe?.* 
significant  advantages  over  other  plasmas.  E-beam  evaporation  and 
sputtering  since  no  compositional  fractionation  occurs  during  the 
process. 

In  this  investigation,  hot  extruded  intermetallic  rods  were 
obtained  from  NASA  Lewis  Research  Center  (courtesy  of  Dr.  M.V. 
Nathal)  and  mounted  in  a  grajjhite  holder;  the  graph ’te  holder  was 
attached  to  the  cathode  terminals.  The  cathode  arrangement  was 
enclosed  within  a  quartz  cylinder  to  allow  deposition  on  the  walls 
in  the  form  of  loose  powder.  A  refractory  metal  (molybdenum)  was 
used  as  the  anode  due  to  its  high  thermal  resistance.  The  chamber 
was  pumped  down  using  both  mechanical  and  •.  diffusion  pumps  to 
different  pressures  (as  desired) .  The  minimum  chamber  pressure 
investigated  was  10  mtorr.  For  higher  chamber  pressures,  following 
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the  pump-down  process,  the  chamber  was  backfilled  with  argon  to  the 
desired  pressure  level.  The  maximum  pressure  investigated  was  1 
atmosphere.  The  initial  arc  was  struck  using  a  vertical 
oscillatory  contact  arrangement.  Once  initiated,  the  process  is 
self-sufficient  and  requires  little  supervision.  A  variety  of 
input  power  was  investigated  (although  more  detailed  investigation 
is  required  which  will  be  undertaken  during  the  Phase  II  program) . 
Typical  iruns  were  of  approximately  10  minutes  duration.  The 
cathode  design  was  important  for  yield  considerations  and  needs  to 
be  investigated  further.  At  the  end  of  the  run,  the  loose  powder 
was  scraped  off  from  the  quartz  side  walls  enclosing  the  cathode. 
X-ray  diffraction  and  x-ray  microanalysis  indicated  that  there  was 
no  contamination  from  the  Mo  anode  or  the  graphite  holder. 


Figure  6.  Schematic  set-up  for  the  Cathode  Are  Transport  Process. 
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D.  Powder  Characterization 

1.  X-ray  Diffraction 

Characterization  of  powder  purity  (whether  single  phase  or 
not)  was  performed  by  examining  the  powder  diffraction  pattern  over 
the  angular  range  25*  to  70*  (two-theta  angles)  using  a  Philips 
diffractometer.  The  powder  was  carefully  loaded  into  the  specimen 
holder  while  ensuring  that  the  powder  surface  level  was  coplanar 
with  the  sample  holder  surface.  This  process  ensures  the  powder 
diffraction  surface  to  lie  along  the  diffractometer  circle  at  all 
tines  (failure  to  satisfy  th*s  condition  results  in  peak  shifts). 
No  binder  was  necessary  to  hold  the  powder  in  the  sample  holder 
over  the  measured  2-theta  range.  For  2-theta  angles  higher  than 
70*,  however,  a  binder  is  usually  necessary  to  maintain  the  powders 
in  their  position.  Since  the  four  primary  peaks  of  NiAl  lie  within 
the  2-theta  range  of  30-65*,  the  adopted  angular  range  was  adequate 
for  phase  identification.  Occasionally,  electrical  noise  led  to 
spurious  peaks,  which  are  usually  characterized  by  a  sharp  rise  and 
gradual  fall  in  signal.  That  any  peak  is  a  spurious  peak 
(electrical  noise)  was  confirmed  by  re-scanning  the  region  at  a 
slower  rate.  The  recorded  data  was  analyzed  according  to 
conventional  methods. 

2.  SEM 


Secondary  electron  imaging  was  utilized  primarily  to  examine 
the  shape  and  size  of  interir.etaliic  powders,  measure  their 


25 


composition  (qualitatively)  using  Energy  Dispersive  Spectroscopy 
(EDS)  and  examine  the  microstructure  of  sintered  compacts.  In  the 
absence  of  standards  (of  compositions  simileir  to  the  alloys 
examined  here) ,  and  because  of  the  largo  activation  volume  (beam 
spreading)  beneath  the  electron  probe,  EDS  analysis  was  limited  to 
only  a  qualitative  analysis.  An  incident  voltage  of  30  kV  was  used 
which  was  much  higher  than  the  ionization  potential  of  all  elements 
examined  here.  Backscatter  electron  imaging  (where  heavier  atomic 
number  elements  appear  brighter  in  the  image) ,  and  x-ray  dot  map 
imaging  were  used  to  identify  any  gross  segregation  of  elements  in 
sintered  compacts.  Powder  specimens  were  mounted  by  placing  a 
small  drop  of  alcohol  on  an  aluminum  stub  and  dropping  a  small 
quantity  of  powder  onto  it;  the  alcohol  disperses  the  powder  while 
evaporating,  leaving  behind  a  well  dispersed  powdered  specimen. 
The  powders  were  subsequently  gold-coated  in  a  vacuum  plasma 
chamber  prior  to  examination  in  the  SEM. 

E.  Sintering  Experiments 

Sintering  experiments  on  the  powders  produced  through  the  PSHS 
process  were  performed  by  cold-pressing  pellets  at  room  temperature 
and  sintering  these  pellets  at  near-solidus  temperarures.  For  NiAl 
powders,  since  the  melting  point  of  stoichiometric  NiAl  is  1638 ’C, 
a  sintering  temperature  of  1550 'C  was  chosen  to  prevent  any  melting 
from  temperature  over-shoot.  The  pellets  were  sintered  in  a  reduc¬ 
ing  atmosphere  (a  graphite  furnace)  to  prevent  significant  oxida¬ 
tion.  The  sintering  time  v/as  limited  to  five  hours.  The  sintered 
pellets  were  metallographically  polished  and  examined  in  a  SEM  and 
their  density  measured  according  to  the  existing  ASTIi  standards. 
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V.  PHASE  I  ACCOMPLISHMENTS 

A.  Gas  Phase  Plasma  Reaction 

The  first  step  in  the  production  of  intermetallic  powders 
through  gas  phase  plasma  reaction  is  thermodynamic  predictions 
defining  the  process  boundary  conditions,  i.e.  the  pressure  and 
temperature  for  a  given  starting  stoichiometry.  The  thermodynamic 
calculations  were  performed  using  a  modified  NASA  code.  Phase 
stability  of  different  phases  based  on  Ni  and  A1  (e.g.  A1  or  Ni  in 
gaseous,  liquid  or  solid  state,  NiAl,  NijAl,  NijAlj  or  their  multi¬ 
phase  mixtures)  were  calculated  using  a  variety  of  pressure 
conditions  (with  pressures  varying  from  10  to  1.0x10'^  atm  and 
temperatures  varying  from  900“C  to  2200'C) .  Some  of  the  reaction 
conditions  (pressures  in  excess  of  1  atm.  or  below  0.1  atm)  were 
calculated  only  for  a  better  understanding  of  phase  stability 
tendencies  and  are  impractical  for  the  present  set-up  (quartz 
tube) ,  although  they  may  be  achieved  using  more  specialized  set-up 
like  high  pressure  cells  or  high  vacuum  chambers.  The  calculations 
were  carried  out  as  follows:  starting  with  a  given  stoichiometry 
(equimolar,  Ni-rich  or  Al-rich  mixture  of  Ni  and  Al) ,  the 
thermodynamic  stability  of  different  phases  were  calculated  for  a 
given  pressure  over  a  range  of  temperatures.  For  the  same  given 
stoichiometry,  multiple  pressures  were  investigated.  This  is  a 
pseudo-3-D  representation  of  the  stabilities  of  different  phases 
over  a  pressure-temperature  domain.  The  results  describing  the 
phase  stability  of  NiAl  are  summarized  graphically  in  the  Figure  7, 
the  complete  printouts  of  the  thermodynamic  runs  are  attached  in 
the  APPENDIX  I. 


27 


Ni=1mole 

Al=1nnole 


1  n  g 


O 

o 

o 


o 

o 

o 

CNJ 


o 

o 


o 

O 

LO 

d 

o 

o 

d 

O 

o 

d 

C7) 

II 

!l 

II 

II 

II 

II 

0. 

CL 

Q. 

0. 

Q. 

0. 

■  O 

o 

00 


o 

o 


o 

o 

CD 


O  i*: 

£  I 

o 

o 


o 

o 

CO 


o 

o 

cv 


o 

o 


o 


»n 

o 


r  o 
o 
o 

O  t- 

d 


m 


IVIN  JO  S9\ovi 


28 


Figure  7.  Thermodynamic  stability  of  NiAl  in  the  gas  phase  reaction  for  stoichiometric,  Ni 
rich  and  Al-rich  starting  stoichiometries,  (a)  stoichiometric  Ni:Al::l:l;  (b)  Ni:Al::2: 
(c)  Ni:Al::2:4  (d)  Ni:Al::3:2  (e)  Ni:Al::4:2.  Pressures  investigated  ranged  from  10  at 
to  10'^  atm  while  temperatures  ranged  from  2473K  to  1173K. 
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Figure  7.  TherTOodynamic  stability  of  NiAl  in  the  gas  phase  reaction  for  stoichiometric,  Ni- 
rich  and  Al-rich  starting  stoichiometries,  (a)  stoichiometric  Ni:Al::l:l;  (b)  Ni:Al:r2:3 
(c)  Ni:Al::2:4  (d)  Ni:Al::3:2  (e)  Ni:Al::5:2.  Pressures  investigated  ranged  from  10  atm 
to  10'*  atm  while  temperatures  ranged  from  2473K  to  1173K. 
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e  7.  Vherroodynaraic  stability  of  NiAl  in  the  gas  phase  reaction  for  stoichiometric, 
and  Al' i.j  'h  .>1  .-t'r,  ;  ch.iomctries .  („;•  stoichiometric  Ni:Al;:l:l;  (b)  Ni:Al: 
i.Al::?:!  Ni:Al::3:2  (e)  Ni:Al::5:2.  Pressures  investigated  ranged  from  10 
■'''  atm  while  temperatures  ranged  from  2473K  to  1173K. 
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Figure  7.  Thermodynamic  stability  of  NiAl  in  the  gas  phase  reaction  for  stoichiometric,  Ni 
rich  and  Al-rich  starting  stoichiometries,  (a)  stoichiometric  Ni:Al::l:l;  (b)  Ni:Al::2: 
(c)  Ni:Al::2:4  (d)  Ni:Al::3:2  (e)  Ni:Al::5:2.  Pressures  investigated  ranged  from  10  at 
to  10’*'  atm  while  temperatures  ranged  from  2473K  to  1173K. 
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Figure  "'a  describes  the  phase  stability  of  NiAl  for  equimolar 
starting  stoichiometry  (Ni:Al ; : 1: 1) .  It  should  be  noted  that  1.0 
moles  of  NiAl  contains  1  mole  of  Ni  and  1  mole  of  Al.  It  is  also 
interesting  to  note  that  the  stability  (temperature  range  over 
which  only  NiAl  phase  is  thermodynamically  stable)  of  NiAl 
increases  with  decreasing  pressures  (with  the  exception  of  very  low 
pressures  like  10'^  atm) .  Increasing  Al  enrichment  stabilizes  the 
phase  NijAlj,  also,  a  lower  pressure  (0. 001<P<0. 1)  stabilizes  NiAl. 
The  most  important  conclusion  from  the  above  thermodynamic 
calculations  is  that,  for  Al-rich  pov-der  mixtures,  NiAl  is  stable 
over  the  temperature  range  1423 “K-l??! *K  irrespective  of  starting 
stoichiometry  (Ni:Al  ratios  of  1,  0.66  or  0.5),  the  pressure  being 
maintained  at  ~0.1  atm.  This  would  partly  alleviate  the  difficulty 
in  introducing  controlled  compositions  of  gaseous  Ni  and  Al  phases 
into  the  plasma.  Thus,  Al-enriched  starting  powder  mixtures  were 
also  investigated.  A  chamber  pressure  of  0.1  atm  is  quite  easily 
obtained. 

The  gas  phase  plasma  reaction,  consisting  of  evaporating  Al 
metal  into  a  450kHz  argon  plasma  and  simultaneously  injecting 
gaseous  NiClj,  was  demonstrated  "o  produce  spherical,  fine 
particled  intermetallic  NiAl  powders.  The  po^'’  ers,  however,  were 
laced  with  impurities  of  chloride,  Ni,  Al  or  NijAl.  The  problem 
was  deduced  to  be  the  uncontrolled  evaporation  of  Al  into  the 
plasma.  Since  the  controlled  introduction  of  Aluminum  powder  into 
the  argon  plasma  was  difficult  using  laboratory  scale  set-up  (such 
powders  feeders  are  available  only  on  a  larger  scale) ,  the 
alternative  approach  was  to  control  the  stoichiometry  of  gaseous 
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species  in  the  plasma  by  adjusting  the  evaporation  rates.  The 
vapor  pressure  of  an  element  is  given  by 

P  =  n  y(M  T)  /  (44.33  a  t) 

where  P  is  the  vapor  pressure  in  atmospheres,  M  the  molecular 
weight,  n  the  number  of  moles,  T  the  temperature  in  Kelvin,  t  the 
time  and  a  the  evaporation  area  in  square  centimeters.  At  a 
temperature  of  1800 ‘K,  which  is  slightly  below  the  melting  point  of. 
NiAl  (1911'’K),  the  vapor  pressures  of  Ni  and  Al  are,  respectively, 
10'^  and  6.5x10’’  atm,  see  Figure  8.  The  rationale  behind  the  choice 
of  a  reaction  temperature  of  1800‘’K  is  to  allow  sufficient 
evaporation  for  enhanced  yield,  however,  following  reaction  between 
Ni  and  Al  in  gaseous  state  to  produce  NiAl,  the  resulting  product 
will  be  immediately  quenched  to  its  solid  form.  The  precipitation 
of  NiAl  from  gaseous  phase  reactions,  thus,  by  virtue  of 
homogeneous  nucleation,  are  expected  to  produce  fine-scaled  yet 
spherical  intermetallic  powders.  To  produce  NiAl  of  equimolar 
composition,  we  set  n^,  and  n^^  equal.  Hence, 

(Pm  ^m)  y(H„  T„)  /  (y(M„  T.,)  P„  a.,  )  =  1  ^ 

This  result  is  logical  since  the  lower  melting  point  element. 
Aluminum,  is  expected  to  have  a  higher  vapor  pressure  than  the 
higher  melting  point  element  Ni  at  a  given  temperature. 
Consequently,  the  ■  'surface  area  of  Ni  needs  to  be  higher  to 
introduce  equal  moles  of  Ni  and  Al  into  the  gas  plasma. 

A  crucible  was  designed  to  compensate  for-,  the  different  rates 
of  evaporation  of  Ni  and  Al  and  is  shown  in  Figure  9.  The  Al 
powder  or  solid  rod  is  placed  at  the  center  of  the  crucible  with  Ni 
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Vapor  pressure  curves  of  metals  (from  "The  Characterization  of  High  Temperature 
John  L.  Margrave,  Editor,  Appendix  A) . 
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Figure  8  contd.  Vapor  pressure  curves  of  mefals  (from  "The  Characterization  of  High 
Temperature  Vapors”,  John  L.  Margrave,  Editor,  Appendix  A). 


powder  being  placed  around  it.  Preliminary  experiments  with  a  5 
kw,  5-8  MHz  induction  furnace  were  unsuccessful  due  to  insufficient 
power;  the  available  power  was  unable  to  raise  the  temperature  of 
either  A1  or  Ni  to  above  its  melting  point.  Consequently,  a  higher 
power  (40  kw,  5-8  MHz)  furnace  was  used.  While  the  available  power 
was  again  insufficient  for  melting  and  evaporation  of  both  Ni  and 
A1  powder,  use  of  NiClj  powder  in  place  of  Ni  resulted  in  ready 
dissociation  of  the  chloride;  the  difficulty  to  melt  A1  is 
presumably  due  to  the  tenacious  layer  of  oxide  around  the  powder 
which  increases  the  surface  tension  of  the  molten  Al.  Also,  while 
the  use  of  a  solid  rod  piece  of  Al  at  the  center  did  exhibit 
melting,  the  melting  was  only  partial,  with  the  Al  rod  forming  a 
glob  at  the  tip  of  the  rod  preventing  further  melting,  presumably 
due  to  the  reaction  of  Al  with  Ni  thereby  forming  NiAl  on  the 
molten  surface  which  prevented  further  melting.  Hence,  this 
approach  to  gas  phase  plasma  reaction  did  not  yield  the  desired 
results  and  was  discarded. 


Figure  9.  Schematic  design  of  crucible  to  compensate  for  the 
differences  in  evaporation  rates  of  Ni  and  Al  at  any  given 
temperature . 
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The  alternate  approach  of  directly  reacting  a  powdered  mixture 
of  NiClj  and  A1  in  the  plasma  proved  more  successful.  Preliminary 
attempts  at  dry  mixing  A1  and  NiClg  followed  by  reaction  in  the 
plasma  in  the  form  of  a  cold  pressed  pellet  (0.5”  diameter,  pressed 
at  1  ksi)  resulted  in  violent  reaction.  Following  reaction,  the 
powder  was  difficult  to  collect.  Hence,  a  novel  arrangement  of  a 
crucible  within  another  crucible  was  designed  to  ease  the  process 
of  collection  of  powder  after  the  reaction.  Figure  10  is  a 
schematic  diagram  of  the  arrangement  showing  three  crucibles;  the 
crucible  holding  the  reaction  mixture  is  covered  by  a  slotted 
graphite  crucible  which  is  designed  to  allow  a  controlled  release 
of  the  gaseous  reaction  products  while  retaining  the  reacted  powder 
within  the  crucibles.  A  third  inverted  crucible  provides  some 
weight  on  the  slotted  crucible  to  prevent  the  escaping  gases  from 
dislodging  the  second  crucible  while  allowing  the  controlled 
release  of  gases. 


Figure  10.  Schematic  arrangement  of  crucibles  for  gas  phase 
plasma  reaction  to  contain  the  violent  evolution  of  gases  thereby 
collecting  most  of  the  powder  within  the  starting  crucible. 
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x-ray  diffraction  of  the  equimolar  powder  mixture  indicated 
the  synthesis  of  NiAl  (see  Figure  11) ,  although  the  intermetallic 
was  contaminated  with  impurity.  Note  for  example,  the  peak  at  31°, 
which  is  the  (100)  superlattice  peak,  which  indicates  an  ordered 
b.c.c  (B2)  crystal  structure  which  confirms  the  presence  of  NiAl. 
Unfortunately,  the  peaks  at  44.1*,  51.4°  etc.  do  not  correspond  to 
NiAl  and  thus  indicate  the  presence  of  impurity  NijAl.  To  remove 
this  NijAl  impurity,  Al-rich  powdered  mixtures  were  reacted.  The 
results,  however,  indicated  that  the  impurity  could  not  be 
successfully  eliminated,  see  Figure  12,  where  the  NiAl  peaks  are 
arrowed.  These  results  are  inconsistent  with  the  thermodynamic 
predictions  mentioned  above  where  an  Al-enrichment  was  predicted  to 
enhance  the  phase  stability  of  NiAl.  The  discrepancy  is  probably 
related  to  the  fact  that  thermodynamic  predictions  do  not  take  into 
account  kinetic  limitations  of  a  reaction. 

B.  Plasma  Initiated  8HS  reactions 

Although  the  gas  phase  plasma  reaction  failed  to  produce 
impurity  free  NiAl,  the  plasma  initiated  SHS  reactions,  hereafter 
termed  PSHS  reactions,  proved  more  successful.  PSHS  reactions 
between  powders  of  elementary  Ni  and  A1  result  in  melting, 
presumably  due  to  the  highly  exothermic  nature  of  the  reaction. 
The  use  of  a  diluent  prevents  the  melting  by  absorbing  a  part  of 
the  heat  generated  through  the  reaction.  Preliminary  scouting 
experiments  were  performed  using  Al^Oj  as  a  diluent.  Equimolar 
mixtures  of  Ni  and  A1  powder  with  AljOj  failed  to  produce  impurity 
free  NiAl,  see  Figure  13  for  example.  Furthermore,  AljOj  was 
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Figure  13.  X-ray  diffraction  pattern  of  PSHS  reacted  Ni+Al  mixture  using  AljO,  as  a  diluent 


not  an  acceptable  diluent  in  view  of  the  subsequent  difficulty  in 
separating  the  diluent  from  the  reacted  intermetallic  powder. 
Hence  it  was  necessary  to  seek  alternative  diluents. 


Thermodynamic  calculations,  similar  to  those  described  above, 
indicated  that  carbon  was  a  suitable  diluent.  For  a  stoichiometric 
reaction  mixture  (1  mole  each  of  both  Ni  and  Al) ,  it  was  observed 
that  even  for  high  input  carbon  concentrations  {«3  moles) ,  no 
carbide  impurities  were  predicted.  It  should  be  noted  that  the 
most  likely  carbide  expected  is  Al^Cj  since  the  carbide  of  Ni  is 
less  stable.  The  stability  of  solid  phases  for  the  above  starting 
stoichiometry  are  shown  below: 

Starting  stoichiometry:  Ni-1  mole;  Al-1  mole;  C-3.75  mole; 
Ar-1  mole. 


Pressure 

Temp .  range 

Phases 

1  atm 

1323-1773*K 

C, 

NiAl,  Ar 

>1773*K 

C, 

Ar,  Liq. 

Al 

0 . 5atm 

>1773*K 

C, 

Ar,  Liq. 

Al 

1323-1773*K 

C, 

NiAl,  Ar 

0 . lAtm 

>1773*K 

C, 

Ar,  Liq. 

Al 

1323-1773*K 

C,  NiAl, 

Starting  stoichiometry:  Ni-2  moles;  Al-3  moles;  C-8.75moles;  Ar-3 
moles. 


Pressure 

Teap.  range 

Phases 

1  atm 

>1773*K 

1423-1773*K 

<1373*K 

Liq.  Al,  C,  Ar 

C,  NiAl,  Al^Cj 

C,  NijAlj 

0.5  atm 

>1773*K 

1423-1773’K 

<1373*K 

Liq.  Al,  C,  Ar 

C,  NiAl,  Al^Cj 

C,  NijAlj 

0 . latm 

>1773*K 

1423-1773*K 

<1373*K 

C,  Ar,  Liq.  Al, 

C,  Ar,  NiAl,  Al^Cj 
C,  Ar,  NijAlj 
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starting  stoichiometry:  Ni-3  moles;  Al-2  moles;  C-8.75  moles,  Ar-3 
moles. 

Pressure  Temp,  range  Phases 

1  atm  >1773“K  Liq.  Al,  C,  Ar 

1673-1773‘’K  C,  Ni,  NlAl 

<1373 ‘K  C,  NijAlj 

These  results  indicate  that  for  small  additions  of  carbon,  no 
contamination  is  expected.  Contamination  with  Al^Cj  results  only 
for  Al-rich  reaction  mixtures.  Furthermore,  Al^Cj  is  unstable 
especially  in  the  presence  of  moisture.  Also,  for  the 
stoichiometric  reaction  mixture  (1  mole  of  Ni  and  Al) ,  no  carbide 
contamination  is  expected.  Since  equiatomic  NiAl  compositions  are 
more  industrially  significant,  carbon  can  be  used  as  a  suitable 
diluent. 

Preliminary  experiments  were  performed  for  three  different  Al- 
to-Ni  ratios  of  1.0,  1.2  and  1.5  while  maintaining  a  constant  level 
(10  wt.%)  of  carbon  as  a  diluent.  The  Al  powders  used  for  this 
investigation  was  «l-5;im  in  size  while  those  of  Ni  were  «3^m  in 
size.  A  small  powder  size  was  chosen  to  achieved  better  composi¬ 
tional  homogeneity  of  the  powder.  The  powdered  mixtures  were  dry- 
mixed  for  6  hours  and  pelletized  into  0.25”  diameter  pellets  using 
a  pressure  of  5ksi.  The  reacted  pellets  were  ground  into  powder 
and  examined  using  x-ray  diffraction.  The  results  indicate  that, 
while  the  stoichiometric  (equimolar)  and  slightly  Al-rich  (Al-to-Ni 
of  1.2)  compositions  were  contaminated  with  impurity  phases,  the 
powdered  mixture  of  Al-to-Ni  ratio  of  1.5  produced  impurity  free 
NiAl,  sea  Figure  14.  The  peak  at  25.2*  represents  graphite.  These 
results  were  encouraging  and  were  pursued  further. 
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Interestingly,  using  a  higher  diluent  content  (20wt.%)  and  a 
slightly  higher  pelletizing  pressure  of  lOksi  (the  higher  pelletiz¬ 
ing  pressure  being  necessitated  by  the  higher  diluent  content) , 
powder  mixtures  with  an  Al-to-Ni  ratio  of  1.2  resulted  in  impurity 
free  NiAl,  see  Figure  15a.  By  contrast,  the  powder  mixture  with  an 
Al-to-Ni  ratio  of  1.5  exhibited  impurity  phases  (see  peaks  at 
48.8°,  52.3°  etc.  in  Figure  15b  which  do  not  belong  to  NiAl).  The 
input  power  was  approximately  1  kw  and  all  the  samples  reacted 
within  15-30  seconds.  These  results  indicated  that  by  suitably 
varying  the  process  variables  like  diluent  content  and  pelletizing 
pressures,  it  may  be  possible  to  obtain  NiAl  powder  starting  with 
a  powdered  mixture  of  1:1  (Ni:Al)  stoichiometry.  This  composi¬ 
tional  control  of  the  process  is  critical  since  NiAl  of  off- 
stoichiometric  compositions  is  currently  of  little  industrial 
interest.  The  relative  importance  of  pelletizing  pressure  against 
higher  diluent  content  in  producing  impurity  free  intermetallic 
compositions  was,  however,  not  clear  since  both  the  diluent  content 
and  pelletizing  pressure  were  varied  simultaneously  in  the  above 
set  of  experiments. 

Interestingly,  while  impurity  free  NiAl  was  produced  for 
starting  compositions  of  Al-to-Ni  ratios  of  1.5  with  lOwt.%  C, 
while  those  with  20wt.%  C  resulted  in  contaminated  NiAl,  these 
results  indicate  that  excess  diluent  may  be  harmful  rather  than 
useful.  This  was  further  confirmed  by  a  series  of  experiments  with 
an  Al-to-Ni  ratio  of  1.0,  1.2  and  1.5  were  conducted  using  a  30wt.% 
carbon  diluent  content.  Surprisingly,  it  was  discovered  that  im¬ 
purity  free  NiAl  could  not  be  obtained  in  any  case.  Thus,  there 
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Figure  15a.  X-ray  diffraction 
1.5  with  20wt%  carbon  added  as 


exists  some  optimum  limit  to  the  diluent  content,  presumably  due  to 
excess  heat  absorption  by  the  diluent  leading  to  insufficient 
thermal  activation  for  the  reaction  to  be  completed. 

As  mentioned  earlier,  the  relative  importance  of  pelletizing 
pressure  and  higher  diluent  content  on  compositional  control 
(producing  impurity  free  intermetallic  phases)  were  not  clear  from 
previous  experimentation.  PSHS  reacted  pellets  of  Al-to-Ni  ratio 
of  1.2  with  lOwt.%  C  as  a  diluent  were  contaminated  with  impurity 
phases.  Interestingly,  pellets  of  identical  composition,  and 
processed  identically  except  for  being  pelletized  at  a  higher 
pressure  of  15ksi,  were  reacted  in  the  PSHS  process  and  their 
powder  examined  by  X-ray  diffraction.  No  impurity  phases  were 
observed  (see  Figure  16)  and  the  results  indicate  that  a  higher 
pelletizing  pressure  is  beneficial  to 
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producing  intermetallics  of  controlled  composition.  The  beneficial 
effect  of  higher  pelletizing  pressure  is  presumably  related  to 
enhanced  inter-particle  contact.  The  deleterious  effect  of  excess 
diluent  was  confirmed  by  reacting  the  same  molar  Al-to-Ni  ratio 
powder  with  20wt.%  diluent  (carbon)  under  identical  conditions 
where  impurity  phase  A1  was  observed. 

In  summary,  the  above  experiments  indicated  that  while  some 
diluent  is  essential  to  control  the  reaction  and  prevent  melting  in 
case  of  highly  exothermic  reactions,  excess  diluent  content  affects 
the  compositional  control  adversely.  By  contrast,  the  pelletizing 
pressure  has  a  beneficial  effect  on  compositional  control. 

Although  the  above  experiments  demonstrated  that  impurity  free 
NiAl  could  be  produced  by  the  PSHS  reaction  using  a  suitable 
combination  of  diluent  and  pelletizing  pressure,  the  NiAl 
compositions  produced  to  this  point  were  off-stoichiometric  which 
presently  have  less  commercial  potential  than  the  stoichiometric 
composition.  A  series  of  experiments  were  performed  using  an  Al- 
to-l.'i  ratio  of  1.0  and  using  different  diluent  contents:  2wt.%,  5 
wt.%  and  10  wt.%.  The  pellets  were  of  0.25"  in  dimension  and  cold- 
pressed  at  15ksi  pressure.  The  results  were  very  encouraging.  It 
was  observed  that,  while  a  2%  diluent  content  resulted  in  melting 
of  the  pellet,  5%  or  10%  diluent  was  adequate  to  produce  impurity 
free  NiAl,  see  for  example  Figure  17. 
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With  the  production  of  impurity  free,  equimolar  NiAl  by  the 
PSHS  process  demonstrated  using  C  as  a  diluent,  the  next  important 
objective  was  to  demonstrate  the  capability  of  alloying  NiAl  with 
a  ternary  element.  Two  ternary  elements  were  chosen  for  this 
purpose:  Fe  because  isostructural  FeAl  exhibits  complete  solid 
solubility  in  NiAl  and  Ti  which  exhibits  extensive  (but  not  100%) 
solubility  in  NiAl .  Powdered  mixtures  of  the  alloy  composition  Ni- 
40at.%A1-30at.%Fe  with  lOwt.%  carbon  as  a  diluent  when  reacted  in 
the  PSHS  reactor  and  examined  by  x-ray  diffraction,  exhibited  only 
an  ordered  b.c.c  structure  (see  Figure  18)  which  is  indicative  of 
the  successful  alloying  of  NiAl  by  Fe. 

Similarly,  macroalloying  NiAl  with  Ti  was  performed  by 
reacting  powdered  composition  Ni-48.5at.%Al-3at.%Ti  containing 
lOwt.%  carbon  as  a  diluent.  Two  different  pelletizing  pressures 
were  utilized:  15  ksi  and  25ksi.  Examination  of  the  PSHS  reacted 
powders  indicated  traces  of  impurity,  presumably  du*'  to  the 
reaction  between  Ti  and  carbon.  By  contrast,  when  t.  powder 
mixture  was  reacted  without  using  any  diluent,  x-ray  diffraction 
indicated  that  the  powder  was  free  from  impurity,  see  Figure  19. 
Again,  the  diffractions  peaks  correspond  to  an  ordered  b.c.c 
structure  (NiAl) . 

These  results  demonstrate  the  feasibility  of  macroalloying 
NiAl  with  ternary  alloying  elements  like  Fe  and  Ti  using  the  PSHS 
process. 
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The  final  important  objective  of  the  program  was  to  produce 
equimolar  NiAl  using  alternate  diluents.  While  the  removal  of 
carbon  from  powders  produced  by  the  heretofore  practiced  SHS 
process  may  be  readily  achieved  by  low  temperature  oxidation  (the 
resulting  reducing  atmosphere  may  actually  prevent  the  oxidation  of 
powders)  ,  the  use  of  carbon  as  a  diluent  is  likely  to  introduce 
significant  quantities  of  interstitial  carbon  into  NiAl.  The 
effect  of  such  interstitial  impurities  on  the  mechanical  properties 
of  NiAl  are  not  yet  clear.  Although  the  use  of  AlgOj  avoids  the 
introduction  of  interstitial  impurities,  subsequent  separation  of 
NiAl  and  AljO^  is  difficult.  Hence,  the  most  logical  approach  is 
the  use  of  the  reacted  product  itself  as  a  diluent  to  control  the 
reaction.  NiAl  powders  (-80  mesh)  were  used  as  a  diluent.  Fine 
particled  Ni  (2  urn  size)  and  A1  (l-5Mm  size)  powders  were  dry-mixed 
with  the  following  weight  fractions  of  NiAl  (-80  mesh)  powders:  20, 
30,  40  and  50  wt.%.  Pellets  of  0.25”  diameter  were  cold  pressed  at 
20ksi  and  reacted  in  the  8  MHz  induction  plasma  using  an  input 
power  of  s:4kw.  While  the  pellets  reacted  well  irrespective  of  the 
diluent  content,  those  with  lower  diluent  content  (20  and  30  wt.%) 
were  easy  to  de-agglomerate.  X-ray  diffraction  of  the  reacted 
powders  indicate  single  phase  NiAl  for  all  diluent  contents,  see 
for  example  Figure  20.  Hence,  it  was  decided  to  standardize  a 
30wt.%  NiAl  content  as  a  diluent  in  the  production  of  NiAl  powders. 
Note  that  this  ratio  is  likely  to  change  for  other  intermetal lies 
and  needs  to  be  determined  experimentally. 

With  the  diluent  content  fixed  at  30wt.%,  the  other  two 
independent  variables  that  detexrmine  interparticle  contact  are  the 
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pelletizing  pressure  and  the  mode  of  mixing.  Pellets  of  equimolar 
NiAl  of  0.25"  in  diameter  were  cold  pressed  at  10,  15,  20  and  25 
ksi.  The  pellets  were  reacted  using  an  input  power  of  K2.5kw;  some 
melting  was  observed  for  higher  pelletizing  pressures.  While  a 
higher  pelletizing  pressure  was  generally  better  from  a  reaction 
point  of  view,  the  effect  of  pressure  is  still  under  investigation. 
Similarly,  the  influence  of  dispersion  mode  (wet  or  dry  mixing)  and 
the  mixing  time  (1  to  3  hours)  was  also  determined.  Equimolar 
ratios  of  Ni  and  A1  powders  were  wet  or  dry  mixed  with  30wt.%  NiAl 
for  1  or  3  hours.  Dry  mixing  was  achieved  with  steel  media  (a  4- 
to-1  media-to-powder  ratio) .  Wet  mixing  was  performed  in  toluene 
(the  hydrocarbon  being  chosen  so  as  to  minimize  any  tendency  of 
oxidation  of  A1  into  AljOj  during  the  milling  process)  using  a 
similar  charge  ratio.  The  mixed  powders  were  pelletized  and 
reacted  using  an  inductively  coupled  plasma.  The  reacted  pellets 
were  again  deagglomerated  and  examined  using  x-ray  diffraction.  X- 
ray  diffraction  analysis  indicated  single-phase  NiAl  for  all  the 
four  processing  conditions  (see  Figures  21a-d)  indicating  that  the 
dispersion  techniques  used  were  adequate  to  achieve  good  inter¬ 
particle  contact.  It  was  noted,  however,  that  wet  milled  powders 
were  easier  to  pelletize  than  dry-milled  ones.  Subsequently,  for 
NiAl,  a  processing  route  of  wet  ipilling  for  1  hour  using  a  charge 
ratio  of  4  to  1  has  been  standardized  for  NiAl. 

An  additional  interesting  variable  is  the  effect  of  pellet 
size  on  the  purity  of  powders  produced.  A  0.5"  pellet  of  wet- 
milled  Ni+Al  (1:1  moles)  +  30wt.%NiAl  powders  was  reacted  using 
similar  power  levels  (a52kw)  and  examined  for  phase  purity.  X-ray 
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diffraction  again  indicated  single-phase  NiAl.  This  observation  is 
important  since  improvements  in  rate  of  production  of  powders  can 
be  achieved  only  with  larger  sized  pellets. 

A  small  batch  (25  grams)  of  equiatomic  NiAl  powder  was  synthe¬ 
sized  using  the  optimized  processing  conditions  and  sent  to  the 
Army  Technical  Monitor  for  independent  evaluation.  SEM  Micrographs, 
Figure  22,  indicate  that  the  particle  size  was  although  most 
individual  particles  were  within  the  l-2Min  range.  X-ray  diffrac¬ 
tion,  Figure  23,  confirmed  the  alloy  to  be  single  phase  NiAl. 

C.  Pressureless  Sintering  Experiments 

Since  the  primary  rationale  behind  the  use  of  fine  powders  is 
their  likelihood  of  improved  sinterability ,  NiAl  powders  produced 
through  the  PSHS  process  were  cold  pressed  into  a  pellet  and 
sintered  at  1550 °C  (near  solidus  temperatures)  for  5  hours.  A 
preliminary  investigation  into  the  effect  of  particle  size  and 
pelletizing  pressure  was  also  performed. 

Two  pellets  of  NiAl,  one  from  fine  NiAl  powder  (see  Figure 
24a)  and  the  other  from  an  equi-weight  mixture  of  coarse  (Figure 
24b)  and  fine  powder,  were  molded  at  a  pressure  of  25ksi  and 
pressureless  sintered  at  1550*C  for  5  hours.  The  pellet 
synthesized  from  fine  particles  was  easier  to  handle  than  that 
synthesized  from  a  mixture  of  coarse  and  fine  powder.  Also, 
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a  cold-pressed  pellet  made  only  from  coarse  powder  was  impossible 
to  handle  and  thus  not  studied.  The  as-sintered  densities  of  these 
unoptimized  pellets  (the  density  being  measured  in  accordance  with 
the  applicable  ASTM  standard  C373)  of  the  foirmer  pellet  was 
measured  to  be  greater  than  96%  of  theoretical  (5.9  g/cc)  while 
that  of  the  latter  to  be  88%.  Figure  25  is  a  comparison  of  the 
unoptimized  processing  as-sintered  microstructure  (secondary 
electron  image)  of  the  two  pellets.  The  larger  pores  in  the  pellet 
of  lower  density  (Figure  25b)  emphasizes  the  advantages  of  using 
fine  powder  in  pressureless  sintering. 

It  is  thus  clear  that  high  densities  can  be  obtained  even 
without  optimization  for  near-net  shapes,  pressureless-sintered 
using  fine  particles;  the  improved  density  is  likely  due  to  the 
smaller  diffusion  distances.  The  sinterability  of  the  fine  powder 
is  also  driven  by  a  reduction  of  the  surface  energy  through 
reduction  of  the  surface  area. 

D.  Cathode  Arc  Transport 

While  the  PSHS  process  was  successful  in  producing  fine 
particles  of  intermetallic  powder  relatively  economically,  the 
powders  were  not  spherical.  Hence,  a  new  process  termed  Cathode 
Arc  Transport  (CAT)  was  investigated.  Like  the  Gas  Phase  Plasma 
reaction  discussed  earlier,  since  the  intermetal lies  were  to  be 
quenched  onto  the  substrate  directly  from  their  gaseous  (ionic) 
state,  the  resulting  particles  are  expected  to  be  spherical 
(surface  energy  arguments) .  Three  alloys  were  investigated  for 
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Figure  25.  SEM  micrographs  of  pressureless  sintered  pellets  synthesized  from  (a)  fine  (<5nm) 
and  (b)  equi-weight  mixture  of  coarse  (-80  mesh)  and  fine  (<5Min)  powder. 
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this  process:  Ni-20at.%A1-30at.%Fe,  Fe-40at. %Al-lat . %Hf  and  Ni- 
50at.%Al.  For  the  alloy  Ni-20Al-30Fe,  three  chamber  pressure 
levels  were  investigated:  0.1-0.25  mTorr  vacuum  backfilled  to  10 
mTorr,  100  Torr  and  l  Atm.  by  bleeding  Argon  into  the  chamber. 
The  input  power  in  the  three  cases  were,  respectively,  490  watts, 
500  watts  and  1350  watts.  The  run  times  were  typically  5-10  min¬ 
utes.  Lower  pressures  generally  yielded  very  fine  powder  while  a 
1  atm  chamber  pressure  resulted  in  partial  melting  of  the  cathode 
rather  than  ionization.  Figure  26  is  a  SEM  micrograph  of  Ni-20A1- 
30Fe  particles  produced  by  the  CAT  process;  note  that  all  the  par¬ 
ticles  are  spherical  and  their  size  typically  ranges  between  0.1- 
2Mra.  Preliminary  composition  measurements  using  EDS  indicated  the 
successful  transfer  of  Al,  Ni  and  Fe  in  the  powder;  no  detailed 
compositional  measurements  were  performed  due  to  their  small  sizes 
and  lack  of  standards. 

Likewise,  spherical  powders  of  the  alloy  Fe-40at. %Al-lat . %Hf 
was  also  produced  by  evacuating  the  chamber  to  a  pressure  of  s:0.15 
mTorr  and  backfilling  it  to  a  pressure  of  100  Torr  with  Argon.  The 
powder  was  produced  using  an  input  power  of  ssSOO  watts.  Figure  27a 
is  a  SEM  micrograph  of  the  powders;  note  that  the  powders  are  also 
spherical  and  their  typical  size  is  in  the  range  O.l-l^m,  although 
a  few  coarse  particles  :B2/im  in  diameter  can  also  be  seen.  X-ray 
diffraction  from  these  powders  indicated  a  B2  crystal  structure 
(note  the  (100}  superlattice  peak  at  2-theta  =  »31’),  see  Figure 
27b.  Compositional  analysis  using  EDS  again  detected  the  presence 
of  Hf,  which  was  present  in  only  small  quantities  »lat.%  in  the 
source  cathode  rod,  in  the  micron  sized  powders.  This  indicates 
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26.  SEM  micrograph  of  Ni-20at.%A1-30at.%Fe  powders  produced  by  the  CAT  process.  The 
;  are  spherical  and  typically  in  the  size  range  0.1-2  nm. 


Figure  27.  (a)  SEM  micrograph  of  Fe-40Al-lHf  powders  produced  by 
the  PSHS  process.  The  typical  powder  size  is  wO.SMin  although  some 
particles  as  large  as  2nm  can  also  be  seen,  (b)  X-ray  diffraction 
of  Fe-40Al-lHf  powders  indicate  a  B2  crystal  structure  (note  the 
superlatti'^e  peaks  which  are  arrowed) . 
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that  successful  transfer  of  constituent  elements  from  cathode  to 


the  powder  was  achieved. 

And  finally,  preliminary  experiments  were  performed  using  a 
cathode  source  rod  of  Ni-50at.%Al  (obtained  from  NASA  Lewis 
Research  Center,  courtesy  of  Dr.  M.V.  Nathal) .  Like  the  previous 
cases,  the  chamber  was  evacuated  and  backfilled  to  alOOTorr  Argon 
pressure  and  the  powder  generated  using  an  input  power  of  a400 
watts.  Unlike  the  previous  cases,  the  powder  particles  in  this 
case  were  somewhat  larger,  al-lO/xm.  The  limited  quantity  of  powder 
generated  prevented  an  x-ray  diffraction  analysis  of  the  powder; 
EDS  measurements,  however,  confirmed  the  presence  of  both  Ni  and  A1 
in  these  powders.  Figure  28  is  a  backscattered  electron  image 
showing  the  spherical  powders  of  Ni-50A1  produced  by  the  CAT 
process. 

The  above  results,  while  promising,  also  indicate  that  an 
optimization  of  process  parameters,  especially  input  power  and 
chamber  pressure,  are  necessary  to  reliably  produce  spherical 
intermetallic  powders  in  a  controlled  sub-micron  to  micron  size 
range. 

VI.  DISCUSSION 

Booth  [35]  was  the  first  to  lay  the  mathematical  foundation 
for  what  has  since  been  referred  to  as  self -propagating  high 
temperature  synthesis  (SHS) ,  where,  once  initiated,  the  strongly 
exothermic  reactions  are  known  to  sustain  themselves  and  propagate 
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Figure  28.  SEM  backscattered  electron  micrographs  of  Ni-50A1  powders  produced  by  the  CAT 
process.  The  powders  are  coarser  (in  the  size  range  2-lOMm)  than  those  produced  for  other 
alloys. 


in  the  form  of  a  wave  until  the  reactants  are  completely  consumed. 
Many  investigators  have  reported  on  the  different  aspects  of  the 
SHS  process.  Among  the  various  phases  investigated,  the  aluminides 
have  received  considerable  attention.  These  include  aluminides  of 
nickel  [36-42],  niobium  [43],  zirconium  [44],  Iron  [45]  etc. 

The  Ni-Al  binary  system  contains  four  intermetallic  compounds 
(in  increasing  order  of  Ni  content):  AljNi,  AljNig,  AlNi  and  AlNij. 
The  equiatoraic  phase,  NiAl,  has  the  highest  heat  of  formation,  - 
58.79  kJmol"’,  the  highest  melting  point,  1911 ’’K,  and  also  a  high 
adiabatic  temperature  of  1923‘'K  [40],  Thus,  in  theory,  the  reac¬ 
tion  product  will  be  a  liquid  phase.  Experimentally,  equimolar 
powder  mixtures  of  NiAl  indeed  exhibit  melting  resulting  in  a  cast 
product . 

Philpot  et  al.[46]  studied  the  mechanism  of  formation  of  NijAl 
from  a  powder  mixture  of  Ni  and  A1  using  SHS  reactions.  The  effect 
of  three  process  variables  namely  the  aluminum  concentration,  heat¬ 
ing  rate  and  nickel  particle  size  on  the  initiation  temperatures, 
temperature  rise  and  density  of  final  product  was  studied.  For  an 
aluminum  content  up  to  25  at.%  Al,  lower  heating  rates  (1-2’K/min) 
resulted  in  two  peaks;  slightly  higher  heating  rates  (5’K/min) 
resulted  in  a  single  peak.  For  higher  aluminum  content  (30  at.%), 
only  a  single  peak  was  obseirved  irrespective  of  the  heating  rate. 
For  reactions  which  exhibited  two  peaks,  the  first  peak  was  at¬ 
tributed  to  heat  generated  as  a  result  of  solid  state  reactions 
while  the  second  peak  was  related  to  the  reaction  between  liquid 
phases  (mainly  aluminum)  and  nickel.  Also,  the  highest  temperature 
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of  the  first  peak  was  observed  to  be  lower  than  the  initiation 
temperature  of  he  second  peak,  indicating  that  the  heat  generated 
by  the  solid  state  reactions  was  sufficiently  high  to  initiate  the 
second  liquid-solii  reactions.  The  present  investigation,  however, 
did  not  aim  at  determining  the  phases  formed  along  the  reaction 
path,  rather,  unlike  previous  investigations,  the  empha-r. is  was  to 
produce  impurity  free  intermetallic  NiAl.  The  temperature  of  the 
pellet  could  not  be  monitored  as  a  function  of  the  heating  time 
since  the  inductive  field  interferes  with  the  millivolt  level 
signals  from  the  thermocouples.  Furthermore,  our  manually  operated 
optical  pyrometer  was  too  slow  to  de-  rmine  temperatures  just 
before  and  after  the  reaction.  Visual  observations,  however, 
indicated  the  occurrence  of  only  one  reaction  peak;  the  pellets 
were  typically  dull  red-hot  (500-800“C  approx.)  before  and  just 
after  the  reaction  and  almost  white-hot  (=sl500°C  or  above)  during 
the  reaction. 

Increasing  aluminum  contents  or  the  heating  rates  resulted  in 
an  increased  onset  temperature  T,  (reaction  initiation  temperature) 
and  also  an  increased  AT  (temperature  rise  following  reaction) . 
Similarly,  decreased  Ni  particle  sizes  resulted  in  an  increased 
reaction  onset  temperature  T,  and  increased  cemperature  rise  AT. 
This  is  the  principal  reason  for  using  fine  nickel  powder  in 
the  present  investigation.  Furthermore,  the  initiation  of  the 
reaction  in  the  present  investigation  by  inductively  coupled  plasma 
provides  high  heating  rates,  well  in  excess  («lO00°K/min  instead  of 
10-50’K/min)  of  those  studied  by  all  previous  investigations.  The 
positive  dependence  of  AT  on  the  aluminum  concentration  and 
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negative  dependence  on  nickel  particle  sizes  are  related  to 
enhanced  aluminum-nickel  contact.  The  dependence  of  on  heating 
rate  is  related  to  a  change  in  the  reaction  mechanisms  from  initial 
solid  state  reaction  (where  two  peaks  are  observed)  for  slower 
heating  rates  to  the  liquid-solid  interactions  (single  peak 
reactions)  for  higher  heating  rates.  The  dependence  of  AT  on 
heating  rates  is  related  to  the  compositions  at  different  stages  of 
the  reaction;  at  slower  heating  rates  where  some  Al  is  consumed  by 
solid  state  reactions,  subsequent  reactions  between  the  remaining 
aluminum  (liquid),  nickel  and  the  solid  reaction  products 
(intermediate  intermetallics,  see  below)  results  in  reduced 
magnitude  of  heat  generation  than  the  case  (high  heating  rates) 
where  no  solid  state  reaction  occurs,  and  hence,  a  larger  quantity 
jf  liquid  aluminum  is  available  for  reaction  directly  with  nickel 
(which  releases  more  heat  than  reaction  with  intermediate 
intermetallics)  .  While  the  previous  investigations  were  performed 
using  furnace  heating/ignition  coil  to  initiate  the  reactions,  the 
heating  rates  in  the  inductively  coupled  plasma  being  several 
orders  of  magnitude  greater  than  the  former  two,  the  resulting  high 
T,  and  AT  led  to  initiation  of  reaction  instantaneously  throughout 
the  whole  pellet  (reaction  time  for  the  whole  pellet  being  less 
than  1  seer. id)  . 

At  slower  heating  rates,  the  reaction  path  in  the  formation  of 
the  desired  inteirmetallic  NijAl  has  been  outlined  by  Philpot  et 
al.[48]  (starting  powder  mixture  composition  of  Ni-17 .  Sat . %A1)  with 
the  aid  of  microscopy  and  x-ray  diffraction.  Since  slower  heating 
rates  result  in  two  peaks,  the  phase  distribution  before  and  after 
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both  peaks  was  analyzed  by  x-ray  diffraction.  It  was  observed  that 
initial  heating  results  in  the  formation  of  minor  volume  fractions 
of  intermetallics  AljNi  and  some  AljNig,  presumably  by  solid  state 
diffusion.  Further  heating  resulted  in  AljNig  from  direct  reaction 
between  nickel  and  AljNi  or  Al.  No  AljNi  peaks  were  detected  at 
this  stage  and  Al  and  Ni  continued  to  be  the  major  phases.  Further 
heating  to  a  temperature  just  before  the  initiation  of  the  second 
peak  resulted  in  AlNi^  as  the  major  compound  (note  that  nickel  also 
continues  to  be  the  major  phase)  although  other  intermetallics  like 
AljNij  and  AlNi  could  also  be  detected.  Finally,  after  the  second 
peak,  the  primary  intermetallic  phase  was  AlNij  although  minor 
fractions  of  AlNi  and  AljNij  were  still  present.  Under  these 
conditions,  all  the  aluminum  was  consumed  and  substantial  amount  of 
nickel  remained  unreacted.  The  excess  nickel  was  not  surprising  in 
view  of  the  starting  stoichiometry  since  a  Ni+AlNij  microstructure 
is  expected  for  a  starting  composition  of  Ni-17 . Sat . %A1  even  after 
complete  reaction.  Interestingly,  for  higher  (2-5‘K/min)  heating 
rates,  the  fraction  of  desired  intermetallic  phase  was  similar  in 
all  cases.  The  above  discussion  indicates  that  for  slower  heating 
rates,  the  reaction  initiates  from  the  aluminum  rich  end  of  the 
phase  diagram  and  all  the  intermediate  Al-rich  phases  are  formed 
before  the  intermetallic  corresponding  to  nominal  powder 
stoichiometry  is  produced.  Unfortunately,  it  also  indicates  the 
potential  for  contamination  of  the  desired  intermetallic  by  other 
phases.  Fortunately,  the  present  investigation  demonstrates  that 
using  a  suitable  combination  of  reactant  particle  size,  pelletizing 
pressure  and  heating  rates,  single  phase  intermetallics  of 
stoichiometry  corresponding  to  the  nominal  powder  mixture 
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stoichiometry  can  be  produced  free  from  any  other  intermetallic 
phases  or  unreacted  constituent  species. 

In  contrast  to  the  case  described  above,  for  mixtures 
containing  higher  aluminum  contents  {25at.%Al),  a  higher  heating 
rate  resulted  in  a  higher  volume  fraction  of  the  NijAl  phase. 
Since  this  reaction  occurs  only  by  a  single  peak,  the  higher  volume 
fraction  of  Ni3Al  for  Ni-25cit.%Al  mixture  than  Ni-17 .  Sat .  %Al 
mixture  indicates  that  not  only  is  the  amount  of  aluminum  important 
(the  formation  of  product  phase  is  limited  by  the  available 
aluminum) ,  but  also  that  the  amount  of  products  formed  are  probably 
also  related  to  the  thermal  history  of  the  sample  (any  solid  state 
reactions  which  may  deplete  available  aluminum  content)  prior  to 
combustion.  Fortunately,  for  reactions  initiated  in  an  inductively 
coupled  plasma,  solid  state  reactions  are  of  a  lesser  concern  and, 
by  virtue  of  its  high  heating  rate,  the  process  is  capable  of 
permitting  only  liguid-solid  reactions  which  should  lead  to  better 
product  purity. 

Finally,  for  a  given  composition,  a  higher  heating  rate 
resulted  in  a  reduced  porosity  content,  presumably  due  to  the 
larger  available  liquid  aluminum  phase  during  higher  heating  rates; 
the  presence  of  a  liquid  phase  in  powder  compacts  can  lead  to  a 
decrease  in  porosity  through  re-arrangement  or  sintering.  This 
observation  is  consistent  with  those  by  several  others  who 
attempted  to  produce  fully  densified  bodies  through  the  SKS 
reactions.  By  contrast,  since  the  aim  of  the  present  investigation 
was  to  produce  powders,  the  goal  was  a  porous  reacted  mass. 
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While  Philpot  et  al.[46]  have  examined  the  reaction  mechanism 
in  the  synthesis  of  NijAl  through  SHS,  German  et  al.[47]  have  also 
examined  the  effect  of  some  other  processing  variables  like 
stoichiometry,  milling  time,  heating  rate,  aluminum  particle  size 
and  reaction  atmosphere.  Unlike  Philpot  et  al.[46],  however, 
German  et  al.[47]  were  primarily  concerned  with  reducing  the 
porosity  content  of  the  reacted  material  so  as  to  obtain  near-net 
shapes.  They  reported  a  stoichiometry  of  86.7wt.%Ni  (balance 
aluminum)  as  the  optimum  composition  for  low  porosity.  The 
suggested  composition  corresponds  to  the  composition  Ni-25at.%Al. 
This  composition  is  of  little  interest  since  only  off- 
stoichiometric  (boron-doped  Ni-24at.%Al)  alloys  are  of  commercial 
interest.  Their  data,  however,  do  suggest  that  low  porosities  are 
also  obtainable  for  nickel-rich  NijAl  alloys.  They  also  reported 
an  adverse  effect  of  high  energy  milling  which  resulted  in 
agglomeration  of  nickel  and  aluminum,  increasing  the  apparent 
particle  size  and  disrupted  the  aluminum.  This  observation  is 
surprising  since  milling  is  an  established  method  of  dispersing 
constituents;  in  fact,  milling  (both  wet  and  dry)  was  used  in  the 
present  investigation  successfully.  Furthermore,  German  et 
al.[47]  also  indicated  that  fine  (3Mm)  aluminum  powder  generally 
resulted  in  lower  densif ication  than  coarse  aluminum  powder  and  a 
finer  aluminum  powder  size,  by  virtue  of  its  high  surface  area, 
generally  exhibited  increased  solid  state  diffusion  (for  heating 
rates  of  the  order  SO’K/min).  Since  a  porous  mass  was  the  goal  for 
this  investigation,  fine  particled  aluminum  powders  (»l-5/im)  and  a 
high  heating  rate  (=51000-4000 ’’K/min)  were  utilized  in  the  present 
investigation.  It  is  worth  noting  that  such  fine  particles  of 
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aluminum  and  nickel  powder,  if  dispersed  properly  (we  utilized  wet 
milling  for  that  purpose) ,  can  result  in  uniform  composition 
throughout  the  reacted  mass.  This  is  especially  important  since 
conventional  processing  techniques  do  suffer  from  the  problem  of 
density-assisted  segregation  of  elements  in  the  molten  state. 
German  et  al. 's  [47]  observation  that  increased  heating  rates 
improve  densif ication  was  consistent  with  the  observations  of 
Philpot  et  al.[46]  and  Rabin  and  Wright  [45] (see  later).  The  most 
interesting  observation,  however,  was  the  effect  of  reaction 
atmosphere  where  reactive-sintering  (SHS)  in  an  Argon  atmosphere 
resulted  in  worse  densif ication  than  in  vacuum  or  Hydrogen.  By 
contrast,  since  the  objective  of  the  present  program  was  to  produce 
porous  agglomerates  (which  could  subsequently  be  de-agglomerated 
easily) ,  Argon  was  a  logical  choice  of  reaction  atmosphere  and 
proved  successful.  The  porosity  arises  from  the  dissolution  of 
gases  in  liquid  phases  and  their  rejection  during  subsequent 
solidification  and  cool  down.  The  level  of  porosity,  however,  is 
also  likely  to  be  dependent  upon  the  chamber  pressure,  with  lower 
chamber  pressures  entailing  reduced  rejection  of  dissolved  gases, 
thereby  leading  to  lower  porosities.  This  variable  will  be 
investigated  in  more  detail  in  the  Phase  II  program. 
Interestingly,  despite  the  high  heating  rates  used  in  the  present 
investigation,  we  were  able  to  produce  a  porous  reacted  mass, 
presumably  due  to  the  presence  of  the  inert  gas  Argon  in  the 
reaction  chamber. 

While  the  above  discussion  is  related  to  the  intermetaxlic 
NijAl  rather  than  NiAl  (the  latter  intermetallic  being  the  focus  of 
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the  present  investigation) ,  many  of  the  effects  discussed  earlier 
are  similar  irrespective  of  the  type  of  intermetallic.  Recently, 
Rabin  and  Wright  [45]  have  examined  the  factors  affecting  the 
synthesis  of  iron-aluminides  FejAl  and  FeAl.  Note  that  FeAl,  like 
NiAl,  is  B2  (ordered  b.c.c)  structured,  while  Fe^Al  is  DOj 
structured  which  is  based  on  eight  B2  unit  cells.  Typically,  a 
small  exothermic  peak  was  observed  prior  to  the  predominant  peak 
that  marked  a  strong  reaction,  the  temperature  corresponding  to  the 
onset  of  the  first  peak  (heating  rate  10*K/min)  was  always  lower 
than  the  lowest  eutectic  temperature  (925 "K)  and  was  dependent  upon 
the  processing  variables  like  aluminum  particle  size  and  heating 
rates;  smaller  particle  sizes  and  slower  heating  rates  gave  a  lower 
onset  temperature.  This  indicates  that  the  smaller  peak  is  indica¬ 
tive  of  solid  state  reactions  with  a  smaller  aluminum  particle  size 
enhancing  the  Iron-aluminum  particle  contacts.  Both  these  observa¬ 
tions  are  consistent  with  the  previous  investigations.  The  maximum 
reaction  temperatures  (major  peak)  for  FejAl  and  FeAl  were,  respec¬ 
tively,  1253°K  and  1493 ’K.  X-ray  diffraction  of  both  reaction  hot- 
pressed  powder  mixtures  of  compositions  Fe-24at.%Al  (nominally 
FejAl)  and  Fe-50at.%Al  (nominally  FeAl)  exhibited  impurity  AlFCjCg  ^ 
and  B2  FeAl  along  with  desired  phase  DOj  FCjAl  for  Fe-24at.%Al  and 
single  (only)  phase  B2  FeAl  for  Fe-50at.%Al.  Like  Philpot  et 
al.[46],  Rabin  and  Wright  [45]  also  characterized  the  reaction  path 
and  found  that  at  the  leading  edges  of  the  reaction  front,  there 
was  evidence  of  liquid  eutectic  within  the  sites  occupied  by 
original  aluminum  particles.  The  center  of  the  reaction  zone  was 
characterized  by  large  pores  at  the  prior  aluminum  particle  sites 
surrounded  by  Al-rich  phases  ( intermetallics)  FeAlj  and  Fe^Alj. 
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These  observations  were  consistent  with  those  by  Philpot  et  al.  [46] 
who  also  noted  the  formation  of  aluminum-rich  intermediate  inter- 
metallics  before  the  formation  of  the  final  (desired)  intermetal- 
lic.  Homogenization  was  observed  at  the  trailing  edges  of  the 
front.  Consistent  with  the  observations  of  Philpot  et  al.[46]  and 
German  et  al.[47],  faster  heating  rates  resulted  in  greater  den- 
sification,  presumably  due  to  the  larger  fraction  of  available 
liquid  phase.  By  contrast,  the  effect  of  aluminum  particle  size 
was  in  contradiction  to  that  observed  by  German  et  al.[47]  who 
reported  too  fine  an  aluminum  particle  size  to  be  detrimental  to 
densities;  rather,  Rabin  and  Wright  reported  that  a  smaller 
aluminum  particle  size  resulted  in  higher  sintered  densities  and 
found  aluminum  particles  in  the  l-lO^m  range  to  be  optimal. 
Furthermore,  the  aluminum  particle  size  was  also  observed  to  have 
a  strong  effect  on  the  size  and  distribution  of  porosity;  a  2nm 
aluminum  particle  resulted  in  a  more  uniform  distribution  of  fine 
porosity.  Thus,  since  fine  aluminum  particles  are  expected  to 
’•  ild  compositional  homogeneity  and  a  uniform  distribution  of  fine 
porosity,  both  of  which  are  critical  to  producing  good  quality 
powder,  in  contradiction  to  German  et  al. 's  suggestion,  the  present 
investigation  utilized  both  fine  particles  of  aluminum  and  nickel. 

Thus,  to  summarize,  while  the  above  investigations  were 
primarily  devoted  to  generating  net  shapes  by  SHS  (reaction  hot- 
pressing  or  liquid  phase  sintering) ,  in  the  present  program  for  the 
production  of  intermetallic  powders,  it  was  necessary  to  maximize 
the  porosity  content  while  maintaining  good  compositional  (no 
impurity  phases)  control.  Since  tne  reaction  between  a  liquid 
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phase  aluminum  and  solid  nickel  powders  are  likely  to  result  in  a 
shell  of  intermetallic  reaction  product  which  may  slow  down  the 
kinetics  of  further  reaction,  hence,  to  achieve  a  complete  reac¬ 
tion,  it  was  necessary  to  use  reaction  constituents  of  small 
particle  sizes  (aluminum  of  size  l-S^m  and  nickel  of  size  3/xm)  . 
The  use  of  such  small  particle  sizes  were  also  likely  to  result  in 
enhanced  particle-particle  contact,  as  indicated  by  Philpot  et 
al.[46],  and  also  generate  a  more  uniform  distribution  of  fine 
porosity,  as  has  been  demonstrated  by  Rabin  and  Wright  [45]. 
Although  German  et  al.[47]  have  indicated  that  very  fine  aluminum 
particles  are  undesirable,  it  should  be  noted  that  their  as-reacted 
product  NijAl  was  contaminated  with  the  Ni^Alj,  presumably  due  to 
inhomogeneities  in  dispersion  of  powder  constituents.  By  contrast, 
the  NiAl  powders  produced  in  this  investigation  were  impurity  free 
even  in  an  as-reacted  state  (no  subsequent  annealing  is  necessary 
to  remove  any  compositional  heterogeneity).  German  et  al.[47]  have 
also  indicated  that  the  milling  of  aluminum  and  nickel  particles 
were  unacceptable  due  to  agglomeration  problems.  However,  milling, 
especially  wet  milling,  is  a  well  established  method  of  dispersing 
twc  constituents,  A  small  reactant  particle  size  and  good  particle 
dispersion  are  necessary  for  obtaining  compositional  uniformity  in 
the  reacted  powder. 

A  new  variable  which  was  also  observed  to  influence  the  purity 
of  the  reacted  product  is  the  applied  pressure  for  cold 
pelletization,  a  higher  pressure  generally  resulted  in  improved 
purity.  This  is  probably  related  to  improved  inter-particle 
contact  in  the  colc-pressed  pellet.  Rabin  and  Wright  [45]  have 
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indicated  that  a  higher  pelletizing  pressure  generally  resulted  in 
improved  sintered  densities.  However,  for  the  synthesis  of 
powders,  excessively  high  pressures  could  result  in  difficulty 
during  the  de-agglomeration  step. 

A  major  difference  between  the  previously  practiced  SHS  (or 
liquid  phase  sintering)  processes  and  the  PSHS  process  developed 
here  is  the  rate  of  heating  and  initiation  of  reaction.  Unlike  the 
previous  investigations,  where  the  reaction  was  initiated  in  a 
furnace,  the  initiation  of  reaction  in  this  case  was  achieved  by 
inductive  an  inductively  coupled  plasma.  As  indicated  earlier,  a 
higher  heating  rate  is  known  to  initiate  the  reaction  at  higher 
temperatures  and  only  through  solid-liquid  interactions,  which 
leads  to  a  more  uniform  network  of  liquid  aluminum  interweaved 
between  the  nickel  particles.  While  the  highest  heating  rates 
attainable  in  conventional  heating  are  of  the  order  of  10-50’K/min, 
that  attainable  in  a  plasma  induction  system  are  of  the  order  of 
1000-4000 ° K/min.  Hence,  the  possibilities  of  any  solid  state 
reactions  are  minimized  in  our  PSHS  process  which  leads  to  improved 
purity.  Furthermore,  with  the  plasma  engulfing  the  cold-pressed 
pellet  uniformly,  a  more  uniform  initiation  of  reaction  is 
achieved.  In  the  present  case,  the  initiation  of  the  reaction, 
however,  was  always  at  the  pellet  edges  due  to  the  stronger  heating 
effect  at  the  pellet  corners;  conceivably,  a  spherical  pellet 
(without  any  sharp  edges)  will  result  in  a  more  uniform  and 
simultaneous  initiation  of  the  reaction. 

And  finally,  we  believe  that  the  demonstration  of  the 
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capability  of  alloying  NiAl  with  ternary  alloying  elements  like 
iron  and  titanium  using  the  PSHS  process  is  unique  to  our 
laboratories. 

In  summary,  by  suitable  control  of  reactant  particle  sizes, 
pelletizing  pressures,  reaction  atmosphere,  dispersion  techniques 
and  rate  of  heating,  we  have  been  able  to  synthesize  porous  bodies 
of  NiAl  through  the  PSHS  process  which  are  easy  to  de-agglomerate 
subsequently  to  produce  fine  particles,  irregular  shaped 
intermetallic  NiAl  powders  with  good  compositional  control.  We 
are,  however,  confident  that  subsequent  processing  the  powder 
through  a  laser  beam  or  high  frequency  induction  plasma  can 
spheroidize  the  irregular  shaped  powder.  Further  the  economics 
appear  quite  promising  for  producing  this  powder.  As  previously 
stated,  an  estimate  of  $10-50/lbs  is  reasonable  based  on  initial 
powder  cost  and  the  processing  required. 

Although  the  investigations  into  the  CAT  process  were 
preliminary  in  nature,  the  feasibility  of  producing  sub-micron 
sized  powders  while  preserving  the  crystal  structure  and 
maintaining  compositional  control  was  demonstrated  in  the  Phase  I 
program;  the  Phase  II  program  will  concentrate  on  optimizing  the 
process  further. 
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APPENDIX  I 


The  results  of  thermodynamic  predictions  of  the  stability  of 
different  phases  under  different  pressure  and  temperature  condi¬ 
tions  are  presented  in  this  section.  The  following  is  a  descrip¬ 
tion  of  the  format  of  thermodynamic  prediction  results  only  for  the 
case  of  Ni-to-Al  ratio  of  1:1;  the  pressure  and  temperature  range 
investigated  was  from  10  atm.  to  1x10'*  atm.  and  2473  "K  to  773  “K 
respectively.  The  remaining  Sections  (different  Ni-to-Al  ratios) 
can  be  interpreted  similarly.  Under  certain  conditions,  the 
results  are  presented  over  a  smaller  temperature  range  since  the 
program  did  not  converge  to  any  specific  value  (of  mole  fraction  of 
a  certain  phase)  for  some  temperatures. 

The  box  #1  specifies  the  input  stoichiometry  into  the  system. 
For  example,  in  this  case,  the  input  to  the  system  included  1  mole 
each  of  Ar,  Ni  and  A1  and  a  small  value  of  (0.005  moles).  The 
partial  results  of  the  thermodynamic  program  are  presented  in  boxi2 
where  the  top  line  specifies  the  fixed  pressure  P  in  atmospheres 
(note  that  the  notation  "1.000  1"  implies  Ixio’  atm.).  Next,  the 
mole  fractions  of  various  phases  are  presented  in  a  tabular  manner 
where  the  columns  indicate  tiie  mole  fractions  of  different  phases 
at  a  given  temperatures  T  in  ’K  (see  line  2)  and  the  rows  list  the 
mole  fractions  of  a  given  phase  at  increasing  temperatures.  It 
should  be  noted  that  the  sum  of  mole  fractions  of  different  phases 
at  a  given  temperature  add  up  to  unity.  Since  the  input  Ar  does 
not  enter  into  the  reactions,  the  correct  moles  (instead  of 
normalized  mole  fraction  values)  of  resulting-  phases  are  obtaine-'" 
by  multiplying  the  normalized  mole  fractions  of  different  phases 
with  a  multiplier  which  in  turn  is  obtained  by  dividing  the  input 
Ar  moles  by  the  normalized  mole  fraction  of  Ar.  For  example,  at  10 


1/0.33278)  which  in  turn  yields  the  moles  of  "Ni"  to  be  ^1.  Note 
that,  all  phases,  unless  otherwise  noted  are  gaseous.  Both  solid 
and  liquid  phases  are  represented  as  "(S)*'  and  "(L)"  respectively. 

The  box  #3  lists  additional  possible  phases  which  were  con¬ 
sidered  but  were  found  to  be  present  in  very  low  mole  fractions  (< 
10'®)  and  hence  were  considered  to  be  practically  unstable  under 
these  pressure  and  temperature  conditions. 

The  box  #4  represents  the  stability  of  different  phases  under 
the  conditions  of  10  atm.  and  in  the  temperature  range  of  1773  "K  to 
1523 °K.  The  box  #5  however  presents  the  phase  stability  results 
for  a  reduced  pressure  i.e.  1  atm;  the  temperature  range  varies 
from  2473 "K  to  1923 ’K.  This  implies  that  the  calculations  for 
specified  conditions  of  10  atm.  pressure  and  the  temperature  range 
of  1473 ’K  to  773 “K  did  not  converge  to  any  specific  values  of  mole 
fractions . 

The  following  sections  of  the  thermodynamic  stability  results 
can  be  interpreted  in  accordance  to  the  above  description  for  the 
first  4  boxes. 
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1.2247-2 

ALII 

2.7464-4 

3.1772-4 

5.6567-4 

2.8469-4 

2.0496-4 

1.4628-4 

1.0303-4 

7.1419-5 

AR 

3.3253-1 

3.3250-1 

3.3276-1 

3.3273-1 

3.3270-! 

3.3270-1 

3.3270-1 

3.3270-1 

il 

1.7721-3 

1.5201-3 

7.0291-4 

2.7356-4 

1.9730-4 

1.4122-4 

9.9009-5 

6.9610-5 

112 

6.3927-4 

7.4396-4 

1.0295-3 

1.3048-3 

1.4620-3 

1.5201-3 

1.5624-3 

1.5934-3 

HI(L) 

0.0000  0 

0.0000  0 

3.1155-1 

3.2974-1 

3.3115-1 

3.3190-1 

3.3231-1 

3.3254-1 

HI 

3.3253-1 

3.3250-1 

2.1200-2 

3.0304-3 

1.6277-5 

8.7473-4 

4.6521-4 

2.4256-4 

AODIIIOIIAl  FROOUCtS  WHICH  WERE  CONSIDERED  BUI  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.  lOOOOF.-Or  FOR  ALL  ASSIGNED  COHDITIC 

AL(S)  'II(S)  NI3AL<S)  HIAL(S)  HI2AL3(S)  HIAL3(ST 


P,  AIM 

1 .0000-1 

1.0000-1 

1.0000-1 

1.0000-1 

1.0000-1 

1.0000-1 

1.0000-1 

1.0000-1 

1.0000-1 

1.0000-1 

T,  DEC  K 

:773 

1723 

!6n 

1623 

1573 

1523 

1473 

1423 

1373 

1323 

AL 

2. 03 79-; 

C. 3261-6 

3.5945-6 

1.7065-6 

6.5677-7 

2.2596-7 

7.2262-0 

2.1317-0 

5.7495-9  3.0606-9 

Al  II 

I.FOF  -7 

0.060  -0 

4.175.-0 

2.422  -0 

1.049  -0 

4.299  -9 

1.657  -9 

5.967-10 

1.993'-10 

1  600-10 

AR 

4.97  73-1 

4,9074-1 

4.9075- 1 

4.9075-1 

4.9075-1 

4.9075-1 

4.9075-1 

4.9075-1 

4.9075-1 

4.9075-1 

11 

3.1;<)4-5 

2.0217-5 

1.2635-5 

7.6719-6 

4.5143-6 

2.5665-6 

1.4050-6 

7.3771-7 

3.6904-7 

1.7613-7 

112 

2.4770-3 

2.4036-3 

2.4874-3 

2.4099-3 

2.4915-3 

2.4925-3 

2.4931-3 

2.4934-3 

2.4936-3 

2.4937-3 

III 

2.076  -5 

3.915  -6 

3.636  -6 

1.006  -6 

3.072  -7 

1.209  -7 

3.972  -8 

1.125  -0 

2.902  -9 

2.447-10 

MI3aL(S) 

0.000  0 

0.000  0 

0.000  0 

3.506  -7 

1.400  -7 

4.855  -0 

1.603  -0 

4.948  -9 

2.550-15 

0  000  0 

HIAL(S) 

4.9071-1 

4.9073-1 

4.9074-1 

4.9075-1 

4.9075-1 

4.9875-1 

4.9075-1 

4.9075-1 

4.9075-1 

4  9075-1 

AODItlOHAL  FROOUCIS  WHICH  WERE  CONSIDERED  OUT  WHOSE  HOLE  FRACIlUHS  WERE  LESS  tllAN  O.IOOOOE-O?  FOR  ALL  ASSIGNED  COHOiri 


AL(S) 

A- (L) 

NKS) 

NKl) 

MI2AL3(S)  HIAL3(S) 

P,  AIH 

5.0000-1 

5.0000-1 

5.0000-1 

5.0000-1 

5.0000- i 

5.0000-1 

5.0000-1 

5.0000-1 

T,  DEC  K 

2473 

2423 

2273 

2123 

2073 

2023 

1973 

1923 

AL(I  ) 

5.1400-2 

1.629?- 1 

2.0446  1 

3.1030-1 

3.2320-1 

3.2664-1 

3.21)09-1 

3.3037-1 

AL 

2.0061- 1 

1.6920-1 

4.0C332 

1.4356-2  9.4110-3 

6.0705-3 

3. 8414 -3 

2.3700-3 

Al  II 

7.725?-4 

6.0400-4 

2.0370-4 

1.2190-4 

8.9446-5 

5.4568-5 

4.5709-5 

3.1055-5 

AR 

3.3270-1 

3.3270-1 

3.3270-1 

3.3276-1 

3.3c70-l 

3.3273-1 

3.3270-1 

3,3278-1 

II 

7.5106-4 

5.0520-4 

2.7277-4 

1.1714-4 

0.6101-5 

6.2331-5 

4.4305-5 

3.1048-3 

112 

9.0219-4 

I. 0693- 3 

1.3057-3 

1.5444-3 

1.3761-3 

1.6004-3 

1.6100-3 

1.6324-3 

Nl{l  ) 

3.122'-1 

3.2147-1 

3.3041-1 

3.3228-1 

3.3249  1 

3.3262-1 

3.3269  1 

3.3273-1 

HI  2.0S5S-a  ■1..t309-2  2.372a-3  4.99S1-«  2.8769-4  1.6107-4  0.065A-S  4.7100-5 

AOOITtONAt.  PROOUCTS'UlirCii  ‘JERE  COHSIDERED  OUT  UKOSE  HOLE  FRACTIONS  UERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  CONDITIO 

AL(S)  UI(S)  NI3AL(5}  NIAL(S)  NI2AL3{S>  HIAL3(S) 

C' 

P.  ATH  5.0000-1  5. 0000?  5.0000-1  5.0000-1  5.00000  5.0000-1  5.0000-t  5.0000-1  5.0000  1  5.b000-1 

T,  DEG  K  1773  172>  1673  1623  1573*  1523  1473  1423  1373  1323 

AL  4.094  -6  1.754  -6  7.130  -7  3.573  -7  1.314  -7  4.519  -0  1.445  -0  7.464  -9  2.476  -9  0.203-10 

ALII  0.010  -0  3.942  -0  1.355  ,-lf  1.004  -  8  4.693  -  9  1.923  -9  7.410-10  4.672-10  1.919-10  0.003-11 

t;-  aR  4.9875-1  4.9075-1  4.9075j-1  4,9075-1  4.9075-1  4.9875-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1 

H  1.4114-5  9.0517-6  5.6544-6  3.4324-6  2.0195-6  1.U00-6  6.2030-7  3.2993-7  1.6540-7  7.0760-0 

112  2.4066-3  2.4092-3  2.4909-3  .2.4920-3  2.4930-3  2.4932-3  2.4935-3  2.4936-3  2.4937-3  2.4937-3 

HI  4.174  -6  1.794  -6  7.324  -7  2.171  -7  7.745  -8  2.577  -0  7.945  -9  1.205  -9  2.696-10  4.571-11  * 

M13AL(S)  O.OOL-0  0  0:0000  0  0.0000  0  7f4632-0  4.1172-9  9.5032-9  3.2050-9  0.0000  0  0.0000  0  0.0000  0 

'  HIAKS)  4.9074-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1,4.9075-1  4.9075-1  4.9875-1  4.9075-1  4.9075-1 

ADDIItONAL  PROOUCTE  UIIICII  UERE  CONSIDERED  OUT  UMOSE  HOLE  FRACTIONS  UERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  CONDI Td 

AL(S}  AL(L)  Nt(S)  Ni(L)  Nt2AL3(S)  '  NIAL3(S) 

P,  ATH  1.0000-3  1. MOO'S  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3 

'  T,  OEG  K  2473  2423  2273  2123  2073  2023  1973  1923  1873  1823 

AL  3.3223-1  3.3223-1  3.3226-1  3.3235-1  3.3240-1  3.3245-1  3.3250-1  3.3254-1  1.0063-2  4.6557-3 

ALII  5.0731-6  6.7374-6  1.6850-5  4.0191-5  5.1699-5  6.4889-5  9.3498-5  1,1584-4  6.2443-6  3.3840-6 

AR  3.3223-1  3.3224-1  3.3220-1  3.3239-1  3.3245-1  3.3251-1  3.3260-1  3.3265-1  4.9356-1  4.9632-1 

..  M  3.2736-3  3.2477-3  3.0407-3  2.3872-3  2.0466-3-1,6785-3  1.1881-3  8.5974-4  6.7247-4  4.6040-4 

112  2.1815-5  3.3957-5  1.3263-4  4.4825-4  6.1308-4  7.9007-4  1,0222-3  1,1755-3  2,1205-3  2.2497-3 

lIHLi  0.0000  0  0.0000  0  O.CuOO  0  0.0000  0  0.0000  q  0,0000  0  2.3200-1  2,8250-1  0.0000  0  0.0000  0 

HI  3.3223-1  3.3224-1  3.3220-1,  J-3239-1  3.3245-1  3.3251-1  1.0059-1  5,0155-2  1.0069-2  4.6590-3 

yiAL(S)  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  4.0350-1  4.9166-1 

AODITIOHAL  PRODUCTS  UIIICII  UERE  CCTSIOERED  OUT  WHOSE  MOLE  FRACIIOHS  WERE  LESS  IIIAH  0.10000E-07  FOR  ALL  ASSICHEO  COIIOITI 

AKS)  AL(L)  HI(S)  HI3AL(S)  HI2ALr<S)  MIAL3(S) 

P,  ATH  1.0000-3.  1.0000-3  1.0000-3  1.0000-3  1.0003-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1,0000-3  ’  ' 

t,  OEG  <  1773  1723  1673  1623  1573  1523  1473  1423  1373  '  1323 

AL  2.0790-3  0.0901-4  3.6177-f  ;. 7874-4  6.5690-5  2.2597-5  7.2264-6  2.1317-6  5.7495-7  1.;qi6-7 

ALII  1,739  -6  8.745  -7  4.150  -7  2.405  -7  1.045  -7  4.289  -8  1.655  -  8  5.963,  -9  1.993  -9  6. 124-10 

AR  4.9764-t  4,9126-1  4 .9854- 1  ,4.. 9068- 1  4.9872-1  4.9874-1  4.7t.TS-1  4.9875-1  4.9875-1  4.9875-1 

H  ^  3.0672-4  1.98q6-A  1. 2495-4  7;620l->  4.496?-5  2.5606-5  1.4032-5  7.3722-6  3.6972-6  1.7610-6 

112  2.3340-3  2.3915-3  2.43C0-3  2.4552-3  2.4711-3  ?. 4809-3  >.486^3  2.4901-3  2.4919-3  2.4929-3 

HI  2.0007-3  8.0909-4  3.6214-4  1.0062-4  3.0732-5  1.2807-5  3.9726-6  1-.1253-6  2.9023-7  6.7435-0 

H13AL(S)  0.0000  0  0.0000  0  0.0000  0  3.5180-5  1.3531-5  4.8769-6  1.6352-6  5.0617-7  1.4236-7  3.6460-8 

HIAKS)  4,9556-1  4.9737-1  4.9818-1  4.9847-1  4i9PS4-l  4.9e7’-l  4.9874-1  4.9075-1  4.9075-1  4.9875-1 

AODITIOHAL  PRODUCTS  UIIICII  WERE  COHSIDERED  BUT  WHOSE  HOLE  IRAClICHS  WERE  LESS  THAN  0.100006-07  FOR  ALL  ASSIGNED  COHDITI 

•  t 

AUS)  AL(l)  -  HUS)  HlJL)  HI2AL3{S>  HIAl3fS) 

-  P,  aim  'I.OODO-3  I.OOOO-S  1.0009-3  1,1,000-3  1.0000-3  1.0Ct'0-3  1.0000-3  1.0000-3  l.OOOO'S  1,0000-3  1.0000-3 

I,  DEC  If"  1273  1223  117^  1123  1073-  1023  973  923  873  823  773 

'  2.W4  -6  3.137  -7  7.841  8.638.-?  ’9  5.021-10  5.438-11  4.616-12  2.946-13  1,342-U  4.084-16 


' '  ■>  f  JVI  . . . '  uSpSi^iPil  !;f 


I'J  dlALiS) 


1.t7r..;8  I.;S63  -9.7.674-10  1.161-10  6.007-11  1.394-11  7.Z95- 12  3.099-13  3.314-14  2.691-15  1.5n-16 
4.9075M  4.9075-1  4.9875-1  4.9075-1  4.9875-1  4.9875-1  4.9875-1  4.9075-1  4.9075-1  4.9075-1  4.9875-1 
7.919  -  7  3.339  -  7  1.309  -  7  4.72?  -8  1.556  -0  4.*597  -9  1.201  -9  2.'.  16-10  5.194-11  0.144-12  1.008-12 
2.4934-3  2.4936-3  2.4938-3  2.4937-3  2.4930-3  2.4930-3  2.4930-3  2.4938-3  2.4930-3  2.4928-3  2.4930-3 
4.9875-1  4.9875-1  4.9875-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1  4.9875-1  4.9075-1  4.9075-1  4.9875-1 


AOOITIOHAL  PROOUCrS  UlltCH  WERE  COIISIOERED  OUT  WHOSE  HOLE  fRACTtOHS  WERE  LESS  'IIAI!  J.10000E-07  FOR  ALL  ASSICHEO  COIIDillOH' 

AL(S)  AL(L>  NKS)  MI(L)  HI  HI3AL(S}  MI2AL3{S)  MIAL3(S) 

P,  ATH  1.0000-6  1.0000-6  1.0000-6  ). 0000-6  1.0000-6  1.0C30-6  1.0000-6  1.0000-6  1.0000-6  t. 0000-6 

T,  DEO  K  24  73  •  2423  2273  2123  2073  2023  1973  1923  1873  1023 

•  'i 

AL  3.3223-1  3.3223-1  3.3223-1  3.3223-1  3.3223-1  3.3223-1  3.3223-1  3.3223-1  3.3223-1  3.3224-1. 

ALII  5.1403-9  6.9429-9  1.0407  0  5:5003-0  8.3797-8  1.2011-7  1.9908-7  3.1045-7  5.1775-7  8.5601-7’ 

AR  3.3223-1  3.3223-1  3.3223-1  3.3823-1  3.3223-1  3.3223-1  3.3223-1  3.3223-1  3.3223-1  3.3224-1 

.  II  3.3222-3  3.3222-3  3.3221-3  3.3205-3  3.3190-3  3.3160-3  3.3099-3  3.2972-3  3.2698-3  3.2104-3 

112  2.2467-0  3.5532-0  1.5831-7  8.6724-7  1.6123-6  3.0067-6  6.0930-6  1.2405-5  2.5993-5  5.5605-5 

»l  3.3223-1  3.3223-1  3.3223-1  3.3223-1  3.3223-1  3.3223-1  3.3223-1  3.3223-1  3.3223-1  3.3224-1 

AOOITIOHAL  PRODUCTS  UlltCH  WERE  COHSIOEREO  OUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.100000-07  FOR  ALL  ASSICHEO  COHOlIIOli 


Hi3AL(S) 


NIAL(S) 


NI2AL3(S} 


NIAL3(S} 


P.  AIH  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6 

T,  DEO  k  1773  1723  1673  1623  1573  1523  1473  1423  1373  1323 

At  3.3226-1  3.3231-1  3.3237-1  3.3232-1  7.9139-2  2.3994-2  7.3630-3  2.1434-3  5.7501-4  1.4041-4  ; 

ALII  1.4252-6  2.3423-6  3.6935-6  6.4620-6  3.0204-6  1.2706-6  5.0452-7  1.0471-7  6.2338-0  1.9265-0  ! 

AR-  3.3227-1  3.3231-1  3.3230-1  3.9712-1  4.7516-1  4.9174-1  4.9663-1  4.9613-1  4.9850-1  4.9071-1  | 

H  3.0033-3  2.0321-3  2.4116-3  2.0531-3  1.3030-3  7.6334-4  4.2785-4  2.2037-4  1.1566-4  5.5395-5  | 

IIZ  1.1097-4  2.4430-4  4.5424-4  9.5579-4  1.7227-3  2.0764-3  2.2690-3  2.3764-3  2.4350-3  2.4658-3  | 

Wl  3.3227-1  3.3231-1  3.3238-1  2.0275-1  4.6662-2  1.3684-2  4.0476-3  1.1315-3  2.9067-4  6.7460-5  1 

MI3AL{SJ  0.0000  0  0.0000  0  0.0000  0  6.4788-2  1.624C  2  5.1557-3  1.6579-3  5.0605-4  1.4260-4  3.6404-5  | 

HfAL<S)  0.0000  0  0.0000  0  0.0000  0  0.0000  0  3.7977-1  4.6259-1  4.0761-1  4.9540-1  4.9706-1  4.9853-1  I 

AOOITIOHAL  PRODUCTS  WHICH  WERE  COHSIOEREO  OUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  O.lOOOOE-07  FOR  ALL  ASSICHEO  CONOITIOI.  1 


P,  ATH 
T,  DEO  K 


LCD  HKS)  HI(L)  MI2aL3(!:)  MIAL3(S) 

1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6 

1273  1223  1173  1123  1073  1023  973  923  073  823  773 


At  3.065  -5  5.906  -6  9.804  -7  l.AlO  -7  1.675  -0  1.344  -8  4.072  -9  1.790  -9  2.946-10  1.342-11  4.004-13 

AR  4. 9074-r4. 987^-1  4.9875-1  4.9875-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1 

•I  2.«9a  -5  1.055  -5  4.139  -6  1.495  -6  4.919  -7  1.454  -7  3.797  -8  8.509  -9  1.643  -9  2.575-10  3.107-11 

R2  2.4012-3  7.4805-3  2.4917-3  2.4930-3  2.4935-3  2.4937-3  2.4938-3  2.4938-3  2.4930-3  2.4938-3  2.4938-3 

'll  1-394  -5  2.529  -6  3.957  -7  5.237  -8  5.728  -9  6.049-11  8.635-13  6.852- IS  6.197-17  9.149-1?  ^.826-21 

H13AL{S)  8.3571-6  1.6887-6  2.9633-7  4.4292-8  5.5131-9  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  d.OOOO  0 

NiAL(S)  4.9070-1  4.9874-1  4,9875-1  4.9875-1  4,9875-1  4.9875-1  4.9875-1  4.9075-1  4'.9075-l  4.9075-1  4.9875-1 

AOOITIOHAL  PRODUCTS  WHICH  WERE  COHSIOEREO  OUT  WHOSE  MOLE  FRACTIONS  WERE  LESS  THAW  O.lOOOOE-07  FOR  ALL  ASsIcHEO  COHOITIC! 


ALLS) 

AlLL) 

alii 

HIIALI 

aiT 

15113 

1-01-80 

5:358 

N11AL2 

OUT 

lino 

1-01-80 

5:43o 

NI2At3 

OUT 

18864 

1-01-80 

5:538 

HI2A15 

OUT 

5279 

1-01-80 

5:S6r 

HI2AL3(S}  HIAL3(S} 
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REACTANTS 

** 

AR  1.0000 

0.0000 

0.0000  0.0000 

0.0000 

1 .000000  K 

0.00 

0.000 

0.06000 

HI  1.0000 

0.0000 

0;0000  0.0000 

0.0000 

2.000000  H 

0.00 

0.000 

0.00000 

H  2.0000 

0.0000 

0.0000  0.0000 

0.0000 

6.005000  H 

6.00 

0.000 

0.06060 

AL  1.0000 

0,0000 

0.0000  0.0000 

0.0000 

3.000000  H 

0.00 

0.000 

0.00006 

P,  ATH 

1.0000  1 

1.0000  1  1.0000  1  1.0000  1 

1.0000  1 

1.0000  1  1.0000  1 

1.0000  1 

T,  DEG  1C 

2473 

2423  2273  2123 

2073 

2023  1973 

1923 

AL(L) 

4.0016-1 

* 

4.9112-1  4.9639-1  4.9923-1 

4.9934-1 

4.9943-1  4.9948-1 

4.9952-1 

AL 

1.1285-2 

0.3506-3  3.1405-’i  3.4»,56-4 

2.2911-4 

1.4923-4  9.5044-5 

5.9000-5 

ALII 

1,3627-4 

1.1042-4  5.4401-5  1.3754-5 

l;0083-5 

7.2705-6  5.1490-6 

3.5785-6 

AR 

1.6653-1 

1.6653-1  1.6653-1  1.6653-1 

1.6653-1 

1. '6653-1  1.6653-1 

1.6653-1 

11 

1.3250-4 

1.0697-4  5.2306-5  1.J217-S 

9.7062-6 

7.0106-6  4.9918-6 

3.4079-6 

112 

6.9026-4 

7.2394-4  7.7929-4  8.1915-4 

3.2274-4 

8.2550-4  8.2757-4 

8.2911-4 

HI(L) 

0.0000  0 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

o 

1.4 

L4 

O 

t 

3.3305-1 

3.3305-1  3.3305-1 

3.3305-1 

Nt 

3.3306-1 

3.3306-1  3.3306-1  1.1909-5 

7.0038-6 

3.9790-6  2.1935-6 

1.1703-6 

AODITIOIIAl  PROOUCrS  Ull  Cll  WERE  COIISIOEREO  BU'  KMOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGIIEO  CONDITIO! 

.  Al(S)  HI(S>  HI3Al(S)  HtAL(S>  HI2AL3(S}  NIAL3(S) 

P,  ATH  1.0000  1  '  0000  1  1.0000  1  1.0000  1  1.0000  1  1.0000  1  1.0000  1  1.0000  1  1.0000  1  1.0000  1 

I.  DEG  1C  1775  .  1723  1673  1623  1573  1523  1A73  1423  1373  1323 

AL(L)  2.4967-1  2.4960-1  2.4968-1  2.4968-1  2.4969-1  2.4969-1  2.4969-1  2.4969-1  0,0000  0  1.0437-8 

.  •  AL  1.0027-5  9.9490-6  5.2932-6  2.7056-6  1.3234-6  6.1603-7  2.7257-7  1.1355-7  5.1003-8  3.2105-0 

ALII  1.5002-6  1.0003-6  6.1544-7  3.6700-7  2.1149-7  1.1730-7  6.2501-8  3.1786-0  1.7961-0  1.4011-0 

Ar'  ■  2.4969-1  2i4969-l  2,4969-1  2.4969-1  2.4969-1  2.4969-1  2.4969-1  2.4969-1  4.9075-1  4.9075-1 

II  1.5012-6  1.0130-6  6.3318-7  3.8431-7  2.2600-7  1.2052-7  7.0346-8  3.6934-0  3.6906-8  1.7613-8 

112  1.2469-3  1.2474-3  1.2478-3  1.2481-3  1.2402-3  1,2483-3  1.2484-3  1.2404-3  2.4937-3  2.4937-3 

■.  HIAK'!}  4.9938-1  4.9930-1  4.9938-1  4.9930  M  4.9930-1  4.9938-1  4.9938-1  4.9938-1  0.0000  0  0.0000  0 

NI2AL3FS'  0.0000  0  0.0000  0.0.0000  0  O.COOO  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  4.9075-1  4.9075-1 

AOOITtOIIAL  PRODUCTS  WHICH  WERE  CONSIDERED  OUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  COHDITIC 

Al(S)  NI(S)  NI(I.)  HI  MI3AL(S)  MIAL3(S) 

P,  ATH  1.0000  1  1.0000  1  1.0000  1 

T,  DEG  If  1273  1223  1173 

AL(L)  7.3922-0  5.6875-8  5.6302-8 

AL  1.073  -  0  3.274-; -9  9.004-10 

AR  4.9875-1  4.9075-1  4.9075-1 

H2  2.4930-3  2.4530-3  2.4938-3 

HI2AL3(S)  4.9875-1  4.9875-1  4,9075-t 

ADDITIONAL  PRODUCTS  WHICH  WERE  CONSIDERED  BUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  COHOITIf 

ALCS)  ALH  It  NKS)  HI<L)  HI  HI3AL<S)‘  HIAL(S)  HlAL3(S) 

0,  ATH  1.0000  0  1.0000  0  1.0000  0  I.OOOC  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0 

T.  K  2473  2425  2273  2123  20/3  2023  1973  1923 

A*  1.;  4.5092-1  4.6605-1  4,0031  1  4  ;9(i03-r4. 9723-1  4.9006-1  4.9861-1  4.?098'1 

4.0410-2  3.3332-2  1.1174  ^2  3.5136-3  2.3209-3  1.5040-3  9.5550-4  5.9203-4 


ALII  2.570/’.i«  i. 0501-4  9.9650-5  4.3141-5  3.1677-5  2.2072-5  1.6220-5  1.1203-5 

All  1.6653-1  1.6653-1  1.6653-1  1.6653-1  1.6653-1  1.6653-1  1.6653-1  1.6653-1 

II  2.4994-4  1.9930-4  9.5012-5  4.1456-5  3.0492-5  2^2000-5  1.5723-5  1.0997-5 

112  5;7915-4  6.3005-4  7.3491-4  7^9034-4  0.0156-4  0.1016-4  0.1667-4  0.2150-4 

O  WHU)  3.2951-1  3i3003-1  3.3250-1  3.3293-1  3.3299-1.3.3302-1  3.3303-1  3.3304-1 

HI  3.5461-3  2.2270-3  5.5190-4  1.2225-4  7.0947-5  4.0125-5  2.2052-5  1.1742-5 

AOOITIOIIAL  PRODUCTS  UIIICM  WERE  COHSIOEREO  OUT  UIIOSE  HOLE  FRACTIOUS  WERE  LESS  tllAM  0.10000E-07  FOR  ALL  ASSIOIIEO  COIIOITIC 


HI3AL<S) 


IIIAL(S) 


III2AL3(S}  IMAL3(S) 


p,  aTH  1.0000  0  1.0000  0  1.0000^  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0 

T,  DEC  1C  1773  1723  1673  1623  1573  1523  1473  1423  1373  1323 


AL(L)  2.4950-1  2.4959-1  2.4963-1  2.4966-1  2.4967-1  2.4960-1  2.4968-1  2,4969-1  0.0000  0  0,0000  0 

AL  1.0039-4  9.9526-5  5.2943-5  2#7050-5  1.3235-5  6.1605-6  2.7258-6  1.1355-6  3.4447-7  1.4318-7' 

ALII  4.9917-6  3.1612-6  1.9453-6  1.1602-6  6.6069-7  3.7116-7  1.9763-7  1.0051-7  3.7760-0  1.9760-0 

AR  2.4969-1  2.4969-1  2.4969-1  2.4969-1  2.4969-1  2.4969-1  2.4969-1  2.4969-1  4.9875-1  4.9875-1 

H  4.9951-6  3.2037-6  2;0014-6  1.2150-6  7,1402-7  4.0636-7  2.2244-7  1.1679-7  1.1696-7  5.5698-8  J 

112  1.2434-3  1.2453-3  1.2465-3  1.2473-3  1.2477-3  1.2481-3  1.2402-3  1.2403-3  2.4937-3  2.4937-3 

MIAL(S)  4.9930-1  4.9930-1  4.9930-1  4,9938-1  4.9930-1  4.9938-1  4.9938-1  4.9938-1  0.0000  0  0.0000  0 

■  HI2AL3(S)  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  4.9075-1  4.9875-1 
ADOITtOIIAL  PRODUCTS  UIIICII  WERE  COHSIOEREO  BUT  WHOSE  HOLE  FRACIIOHS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASStCHEO  COIIDITI 


HI3AL(S) 


NIA13(S) 


P,  AIH 
r.  OEC  1C 


1.0000  0  1.0000  0  1.0000  0 


AL(l)  0.0000  0  1.7635-8  6.4072-0 
AL  4.7032-0  3.2739-0  9.0041-9 
AR  4.9075-1  4.9875-1  4.9075-1 
H  2.5045-8  1.0559-8  4.1406-9 
H2  2.4937-3  2.4930-3  2.4930-3 
HI2A13{S)  4.9075-1  4.9875-1  4.9075-1 

ADDinOHAL  PRODUCTS  UIIICII  WERE  CONSIDERED  OUT  WHOSE  MOLE  FRACTIOUS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSICHED  COIIDITI 


Al(S)  ALII  HICS)  llt(L)  HI  HI3AL(S)  IIIAL(S)  NIAL3(S) 

P.  ATH  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1 

I,  DEG  K  2473  2423  2273  2123  2073  2023  1973  1923  1073  1823 

ALCL)  0.0000  0  O.OODO  0  0.0000  0  3.6992-1  4.2015-1  4,5051-1  4.6930-1  4.0121-1  2.4417-1  2.4647-1  ’ 

.  AL  4.9915-1  4.9915-1  4.9914-1  1.2944-1  7.9263-2  4.8948-2  3.0115-2  1.8309-2  5.4022-3  3.1905-3 

ALII  2.3563-4  2.7757-4  4.2105-4  2.2950-4  1.6006-4  1.2233-4  0.7006-5  6.0800-5  3.6435-5  2.4255-5 

AR  1.6646-1  1.6640-1  1.6652-1  1.5653-1  1.6653-1  1.6653*1  1.6653-1  1.6653-1  2.4969-1  2.4969-1  T 

H  1.0120-3  0.0402-4  5.0673-4  2.2061-4  1.6254-4  1.1809-4  8.4415-5  5.9268-5  3.5762-5  2.4016-5 

112  2.0049-4  2.5159-4  3.6035-4  6.0755-4  6.6694-4  7.1243-4  7.4609-4  7.7260-4/1.2123-3  1.2243-3 

HI  3.3293-1  3.3295-1  3.3304-1  3.3306-1  3,3306-1  3.3306-1  3,3306-1  3.3306-1  4.5567*7  1.6952-7 

HIAI(S)  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0,0000  0  0.0000  0  4.9930-1  4.9930-1 

AODITIOIIAL  PROOUCtS  WHICH  WERE  COHSIOEREO  OUT  UIIOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSICHEO  COHOIl 

AL(S)  HICS)  IIICL)  HI3Al<S)  HI2aL3(S)  HIAL3(S) 


P,  ATH 


1.0000-1  1.0000-1  1.0000-1  1,0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000- I  1.0000-1 


. . .  '  ,  . .l|li|iijl|!i;ilih||.||||ii|lilLi;iMpil,|. 


T,  DEG  K 

1773 

1673 

1623 

1573 

1523 

1473 

1423 

1373 

1323 

AL(L) 

Z.470AH 

2.4068-1 

2.4915-1 

2.49/  -1 

2.4955-1 

2.4963-1 

2.4966-1 

2.4960-1 

0.0000  0 

0.0000  0 

AL 

1i81S7-3 

9;9005-4 

5.3044-4 

2.7r35-4 

1.3241-4 

6.1690-5 

2.7260-5 

1.1356-5 

1.2249-6 

4.6711-7 

n-  ALII 

1.5760-5 

9.9060-6 

6.1470-6  3.6670-6 

2.1130-6 

l.m4-6 

6.2489-7 

3.1703-7 

4.2460-0 

2.0306-0 

AR 

2.4969-1 

2,4969-1 

2.4969-1 

2.4969M 

2.4969-1 

2.4969*1 

2.4969-1 

2.4969-1 

4.9075-1 

4.9075-1 

H 

1.5779-5 

1.0121-5 

6.3242-6 

3.0400-6 

2,2596-6 

1.2047-6 

7.0333-7 

3.6930-7  3.6904-7 

1.7613-7 

HE 

1.2327-3 

1.2304-3 

1.2422-3 

1.2447-3 

1.2463-3 

1.2472-3 

1.2478-3 

1.2401-3 

2.4936-3 

2-4937-3 

Nl 

5.902  -d 

1.990  -0 

6.202  -9 

1.709  -9 

4.019-10 

1.103-10 

2.640-11 

5.295-12 

6.671-12 

0.787-13 

NIAL(S) 

4.9930-1 

4.9938-1 

4.9930-1, 

4.^930-1 

4,9938-1 

4,9938-1 

4.9930-1 

4.9930-1 

0.0000  0 

0.0000  0 

•  HI2AL3(S) 

O.DOOO  d 

o.ddoo  0 

0.00000 

0.0000  0  0.0000  0  0.0000  0 

0.0000  0 

0.0000  0  4.9875-1 

4,9875-1 

ADDITIONAL  PRODUCTS  WHICH  WeRE  CONSIDERED  BUT  WHOSE  HOLE  FRACTIOUS  WERE  LESS  THAN  O.tOOOOE-Or  FOR  ALL  ASSIGNED  COHDIIIO 


ALTS) 

NITS) 

NKL) 

MI3'At(S) 

NIAL3<S) 

[ 

P,  AIH 

1.0000-1 

1.0000-1 

1.0000-1 

1.0000-1 

1.0000-1  1.0000-1 

1.0000-1 

1.0000-1 

1.0000-1 

1.0000-1 

1.0000-1  1 

T.  DEG  K 

1273 

1223 

1173 

1123 

1073  1023 

973 

923 

873 

823 

773  f 

AL 

5.540  -0 

5.176  -0 

5.056  -8 

1.446  -8 

2.841  -9  4.743-10 

6.563-11 

7.302-12 

6.292-13 

4.007H4 

1.779-15  ;; 

AR 

4.9075-1 

4.9075-1 

4.9075-1 

4.9075-1 

4.9075-1  4.9075:1 

4.9875-1 

4.9875-1 

4.9075-1 

4.9875-1 

4.9073-1  1 

H 

7.920  -0 

3.339  -8 

1.309  -0 

4.729  -9 

1.556  -9  4.597-10 

1.201-10 

2.716-11 

5.194-12 

8.144-13 

1.008-13  j| 

112 

2-4937-3 

2.4930^3 

2.4930-3 

2.4938-3 

4938-3  2.4938-3 

2.4938-3 

2.4930-3 

2.4930-3 

2.4938-3 

2.4938-3  1 

HI2AL3(S) 

4.9075-1 

4.9875-1 

4.9075-1 

4.9875-1 

4.9875-1  4.9075-1 

4.9075-1 

4.9875-1 

4.9875-1 

4,9875-1.4.9075-1  1 

1 

MIAL3(S) 

0.0000  0 

0.0000  0 

0.0000  b 

4.5073-0  4.3315-8  3.0544-8  3.7259-8 

3,6966-8 

3.6910-0 

3,6902-8  3.6900-0  } 

I 

AOOirtOHAL  PRODUCTS  WHICH  WERE  COHSIOEREO  OUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  COHDITI- 


AL(S) 

AL(L) 

ALH 

HKS) 

MILL) 

HI 

HI3AL(S) 

P,  AIH 

5,0000-1 

5.0000-1 

5.000c- 1 

5.0000-1 

5.0000-1 

5.0000-1 

5.0000-1 

5.0000-1 

T.  DEG  K 

2473 

2423 

22n 

2123 

2073 

2023 

1973 

1923 

AUL) 

1.0393-1 

2.5446-1 

4.7541-1 

4.9234-1 

4.9403-1 

4.9651-1 

4.9764-1 

4.9830-1 

AL 

3.9512-1 

2.4468-1 

2.4037-2 

7.1840-3 

4.7094-3 

3.0370-3 

1.9223-3 

1.1900-3 

ALII 

5.3309-4 

4.4261-4 

1.4197-4 

6.1000-5  4.4760-5 

3.2311-5 

2.2914-5 

1.5941-5 

AR 

1.6653-1 

1.6653-1 

1,6653-1 

1.6653-1 

1.6655-1 

1.6653-1 

1.6653-1 

1.6653-1 

H 

5.1915-4 

4.2870-4 

1.3650-4 

5.0617-5 

4.3006-5 

3,1192-5 

2.2211-5 

1.5537-5 

112 

3.0613-4 

3.9695-4 

6.9341-4 

7.7203-4 

7.0072-4 

0.0009-4 

0.1000-4 

0.1690-4 

Hid) 

0.0000  0 

0.0000  0 

3.3107- I 

3.3281-1 

3.3291-1 

3.3297-1 

3.3301-1 

3.3303-1 

Ml 

3.3306-1 

3.3306-1 

1.1874-3 

2.4996-4 

1.4396-4 

0.1002-5 

4.4364-5 

2.3570-5 

HIAL(S) 


ADOIIIOHAL  PRODUCTS  WHICH  WERE  CONSIDERED  OUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  O.IOOOOE-07  FOR  ALL  ASSIGNED  COHOIT! 


ALLS)  HKS)  H|3AL(S)  HIAL(S)  Hi2AL3(S)  NIAL5(S) 


P,  AIM 

5.0000-1 

5.0000-1 

5.0000-1 

5.0000-1 

5.0000-1.5.0000-1  5.0000-1 

5.0000-1  5.0000-1 

5.0000-1 

T,  DEC  K 

1773 

1723 

16n 

1623 

1573 

1523  1473 

1423  1373 

1323 

AL(L) 

2.4932-1 

2.4948-1 

2.4958-1 

2.4963-1 

2.4966-1 

2.4968-1  2.4968-1 

2.4969-1  0.0000  0 

0.0000  0 

AL 

3.6104-4 

1.9913-4 

1,0591-4 

5.4122-5 

2.6472-5 

1.2337-5  5.4516-6 

2.2711-6*6.7036-7 

2.6188-7 

ALH 

7.0561-6 

4.4691-6 

2.7505-6 

1.6406-6  9.4559-7 

5.2487-7  2.7949-7 

1.4215-7  5.1971-8 

2.5556-8 

AR 

2.4969-1 

2.4969-1 

2.4969-1 

2.4969-1 

2.4969-1 

2.4969-1  2.4969-1 

2.4969-1  4.9875-1 

4.9875-1 

H 

7.0609-6 

4.5293-6 

2.8298-6 

1.7180-6 

1.0100-6 

5.7465-7  3.1457-7 

1.6517-7  1.6540-7 

7.0768-8 

112 

1.2414-3 

1.2459-3 

1.2456-3 

1.2468-3 

1.2475-3 

1.2479-3  1.2481-3 

1.2483-3  2.4937-3 

2.4937-3 

Nl 

1.109  -8 

3.967  -9 

1.238  -9 

3.594-10  9.634-11 

2.366-11  5.279-12 

1.059-12  2.948-13 

3.745-14 

illAI.{S) 

4.9930-1 

4.9938-1 

4.9938-1 

4.9938-1  4.9938M 

4.9938-1  4.9938-1 

4.9938-1  0.0000  0 

0.0000  0 

P,  AtM 
T,  DEC  K 


1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-.3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3 

1773  1723  1673  1623  1573  1523  1*73  1423  1373  1323 

Al  3.3900-4  1.3522-4  5.3553  5  1.1926-4  4.3830-5  1.5078-5  4.8216-6  1.4223-6  3.8362-7  9.3649-8 

AIM  2.065  -7  1.329  -7  6.143  0  1.605  -7  6.972  -8  2.862  -8  1.10*  -8  3.978  -9  1.330  -9  4.086-10- 

AR  1.6646-1  1.6650-1  1.6652-1  3.3275-1  3.3277-1  3.3277M  3.3278-1  3.3278-1  3.3270-1  3.3278-1 

«  1.0272-4  6.6427-5  4.1746-5  5.0845-5  3.0000-5  1.7085-5  9.3627-6  4.9189-6  2.4669-6  1.1750-6 

M2  7.8001-4  7.9922-4  0.1167-4  1.6302-3  1.6400-3  1.6553-3  1.6592-3  1.6614-3  1.6627-3  1.6633-3 

Nt(S}  0.0000  0  4.9090-1  4.9933-1  Q.OOOO  0  0.0000  0  0.0000  0  0.0000  0  O.OOCO  0  0.0000  0  0.0000  0 

NKl)  4.9829-1  0.0000  0  0.0000  8  6.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0 

MI  1.4343-3  6.5482-4  2.7317-^  7.2475-5  2.5845-5  8.5980-6  2.6506-6  7.5082-7  1.9365-7  4.4994-8 

HI3AL(S)  0.0000  0  0.0000  0  0.0000  0  4.9914-1  4.9916-1  4.9916-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1 

MIAl(S)  3.3259-1  3.3206-1  3.3298-1  1.6623-1  1.6633-1  1.6637-1  1.6638-1  1.6639-1  1.6639-1  1.6639-1 

AOOITtONAL  PROOUCtS  UltICM  WERE  CONSIDERED  aU1.4ni0SE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  CONDITION' 

ALLS)  AL<L)  HI2AL3(S}  NIAL3(S) 

9 

p.  ATH  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1,0000-3 

I,  OEO  K  1273  1223  1173  112-3  .1073  1023  973  923  873  823  773 

AL  2.045  -0  3.9*1  -9  6.595-10  9.405-11  I. 118-11  1.078-12  8.171-14  4.679-15  1.930-16  5.398-18  9.501-20 

AR  3.3270-1  3.3270-1  3.3278-1  3.3278-1  3.3278-1  3.3278-1  3.3278-1  3.3278-1  3.3278-1  3.3278-1  3.3278-1 

M  5.284  -7  2.228  -7  0.736  -8  3.156  -8  1.038  -0  3.067  -9  8.011-10  1.812-10  3.466-11  5.434-12  6.723-13 

H2  1.6636-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1,6639-3  1.6639-3  1.6639-3  1.6639-3 

HI3AL(S)  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1 

MIAL(S)  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1,6639-1 

AOOITIONAL  PROOUCTS  UlltCM  WERE  COHStOEREO  BUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  CONOITtOH 

ALLS)  AL(L)  ALH  NILS)  NI<1)  Ni  NI2AL3(S)  NtAL3(S} 

P,  AIH  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6 

1.  OEC  K  zun  2423  2273  2123  2073  2023  1973  1923  1873  1823 

At  2.4969-1  2.4969-1  2.4969-1  2.4969-1  2.4969-1  2.4969-1  2.4969-1  2,4969-1  2.4969-1  2.4969-1 

ALH  1.4540-9  1.9609-9  5.1988-9  1.5788-8  2.3682-8  3.6227-8  5.6580-8  9.0357-8  1.4766-7  2.4684-7  ~ 

AR  1.2404-1  1.2404-1  1.2484-1  1.2484-1  1.2484-1  1.2*84-1  1.2*84-1  1.2484-1  1.2404-1  1.2484-1 

M  1.2404-3  1.2484-3  1.2484-3  1.2482-3  1.2400-3  1.2477-3  1.2467-3  1.24*8-3  1.2408-3  1.2318-3 

HZ  3.1727-9  5.0177-9  2.2357-8  1.2254-7  2.2798-7  4.3699-7  8.6436-7  1.7681-6  3.7429-6  8.1867-6 

HI  6.2422-1  6.2422-1  6.2422-1  6.2*22-1  6.2422-1  6.2422-1  6.2422-1  6.24  2-1  6.2422-1  6.2422-1 

AOOITIONAL  PROOUCtS  WHICH  WERE  CONSIDERED  BUI  WHOSE  HOLE  FRACTICWS  HERE  LESS  THAN  O.lOOOOE-07  FOR  ALL  ASSIGNED  CONDITIO.' 

AL(S)  AL(l)  NILS)  Hl(l)  M{3Al(S)  MlAl(S)  NI2AL3(S)  KIA13(S} 


2.4969-1  2.4970-1  2.4971.)  1.4174-1  5.3648-2  1.6084*2  4.9197-3  1.4307-3  3.8423-4  9.3687-5 
4.2077-7  7,2404  7  1.2299-6  3.0880-6  2.0530-6  8.5714-7  3.3741-7  1.2329-7 '4.1598-8  1.2855-8 
1.2485-1  1.2485-1  1.2486-1  2.8632-1  3.2211-1  3.2964-1  3.3*183-1  3.3250-1  3.3270-1  3.3276-1 
1.2113-3  1.1651-3  1.0689-3  1.3999-3  8.8333-4  5.1171-4  2.8588-4  1.5244-4  7.7180-5  3.6962-5 
1.8363-5  4.1343-5  8.9230-5  7.3015-4  1.1678-3  1,3919-3  1.5160-3  1.5862-3  1.6249-3  1.6453-3 
6.2423-1  6.2425-1  6.2428-1  1.3C901  3.1632  2  9.1730-3  2.7045-3  7.5527-4  1.9396-4  4.5012-5 
0.0000  0  0.0000  0  0.0000  0  4.3091-1  4.9617-)  4.9792-t  4.9685-1  4.9909-1  4.9915-1  4.9916-1 
0.0000  0  O.OOOO  0  O.OOOd  0  0.0000  0  9.6394-2  1.4526-1  1.5989-1  1.6448-1  1.6587-1  1.6626-1 


Al 

ALH 

AR 

H 

112 

NI 

NI3AI(S) 

NIAI.(S) 


AOOtTIOIML  rHOOUCTS  WHICH  were  considered  out  WHOSE  HOLE  fRACTIOMS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  CONDITIO 


AL(S)  Al(L)  NI(S) 


NI{L>  NI2AL3IS)  H1AL3(S) 


P,  AIH 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

T,  DEG  K 

1273 

1223 

1171 

1 

1123 

1073 

1023 

973 

923 

on 

023 

773 

AL 

2.0A5  -5 

3.941  -6 

t 

6.595  -7 

9.405  *0 

1.110  -a 

1.078--9 

8.171-11 

4.679-12 

1.930-13 

5.390-15 

9.501-17 

■AR 

3.3277-1 

3.3270-1 

3.3270-1. 

3.3270-1 

3.3270-1 

3.3270-1 

3.3270-1 

3.3270-1 

3.3270-1 

3.3270-1 

3.3278-1 

II 

1.667  -5 

7.030  -6 

2.762  -6 

9.977  -7  3.282  -7 

9.700  -8 

2.533  -8 

5.731  -9 

1.096  -9 

1.710-10 

2.126-11 

112 

1.6555-3 

1.6604-3 

1.6625-3 

r6634-3 

1.6637-3 

1 .6639-3 

1.6639-3 

1.6639-3 

1.6639-3 

1.6639-3 

1.6639-3 

NI 

9.304  -6 

1.607  -6 

2.640  -7  3.494  -0 

3.022  -9 

3.350-10 

2.292-11 

1.167-12 

4.212-14 

1.012-15 

1.490-17 

NI3AL(S) 

4.9916-1 

4.9917-1 

4.9917-1 

4.9917-1 

4.9917-1 

4.9917-1 

4.9917-1 

4.9917-1 

4.9917-1 

4.9917-1 

4.9917-1 

NIALTS) 

1.6636-1 

1.6630-1 

i. 6639-1 

1.6639-1 

1.6639-1 

1.6639-1 

1.6639-1 

1.6639-1 

1.6639-1 

1.6639-1 

1.6639-1 

AOOtriONAL  PROOUCTS  WIIICH  WERE  COHStOEREO  BUI  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  COHDITI 


AL(S>  AUL)  ALH 


NKS)  NHL)  NI2AL3(S)  NIAL3(S) 


I 

i 

f 

f 

c 

* 


ALLS) 

ALID'^r  ALII 

HUS) 

MI(L) 

H12AL3(S) 

IIIAL3(S) 

1 

REACTANTS 

j 

AR  1.0000 

0.0000 

0.0000  0.0000 

0.0000 

3.000000  H 

0.00 

0.000 

0.00000  I 

Nt  1.0000 

0.0000 

0.0000  0.0000 

0.0000 

4.000000  H 

0.00 

0.000 

0.00000  I 

II  2.0000 

0.0000 

0.0000  0.0000 

0.0000 

0.005000  H 

o.do 

0.000 

0.00000  j 

AL  1.0000 

0.0000 

0.0000  0.0000 

0.0000 

8.000000  H 

0.00 

0.000 

0.00000  j 

P,  ATH 

1.0000  1 

1.0000  1 

1.0000  1  1.LOOO  1 

1.0000  1 

1.0000  1  1.0000  1 

1.0000  1 

T,  DEG  K 

2473 

2423 

2273  ;  •  2123 

1 

2073 

2023  1973 

1923 

AL<L> 

5.2255-1 

5.2530-1 

5.3019-1  5.3273-1 

5.3207-1 

5.3297-1  5.3304-1 

5.3300-1 

AL 

1.0527-2 

7.7098-3 

2.9297-3  4. .1230-4 

2.7415:4 

1.7056-4  1.1373-4 

7.0705-5 

ALII 

7.9505-5 

6.5036-5 

3.2665-5  9. 4^3-6 

6.9474-6 

5.0155-6  3.5550-6 

2.4726-6 

AR 

1.9993-1 

1.9993-1 

1.9993-1  1.9993-1 

1.9993-1 

1.9993-1  1.9993-1 

1.9993-1 

H 

7.7309-5 

6.3003-5 

3.1407-5  9.0917-6 

6.6876-6 

4.8417-6  3.4467-6 

2.4099-6 

112 

2.5402-4 

2.6920-4 

3.0119-4  3.2395-4 

3.2640-4 

3.2029-4  3.2972-4 

3.3070-4 

HKD 

0.0000  0 

0.0000  0 

0.0000  0  2.6656-1 

2.6657-1 

2.6657-1  2.6650-1 

2.6658-1 

HI 

2.6650-1 

2.6658-1 

2.6650-1  1.4346-5,8.3006-6  4.7613-6  2.6247-6 

1.4004-6 

AOOtTIOHAL  PROOUCtS  UMtCII  WERE  CONSIDERED  OUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  CONDITION 

•  AL(S)  IIKS)  HI3AL(S)  MIAL(S)  NUAL3(S)  HIAL3(S) 

P,  AIH  t.OOOO  1  1.0000  1  1.0000  1  1.0000  1  1.0000  1  1.0000  1  1.0000  1  1.0000  1  1.0000  1  1.0000  1 

f,  DEG  K  1773  1723  1673  1623  1573  1523  U73  K23  1373  1323 

AL(L)  3.63A5-1  3.63A6-1  3.6346-1  3.6347-1  3.6347-1  3.6347-1  3.6347-1  3.6347-1  2.0551-1  2.0551-1 

AL  1.9616-5  1.0026-5  5.7599-6  2.9441-6  1.4401-6  6.7121-7  2.9660-7  1.2356-7  7.5744-0  2.7476-0 

Alii  9.9393-7  6.2932-7  3.0722-7  2.3093-7  1.3300-7  7.3066-0  3.9331-0  2.0003-0  1.5107-0  6.9346-9 

AR  2.7260-1  2.7260-1  2.7260-1  2.72/.0-1  2.7260-1  2.7260-1  2.7260-1  2.7260-1  4.2027-1  4.2027-1 

H  9.9460-7  6.3779-7  3.9030-7  2.4102-7  1.4226-7  0.0071-0  4.4260-0  2.3242-0  1.0305-0  0.7173-9 

112  4.5334-4  4.5371-4  4.5395-4  4.5410-4  4.5420-4  4.5420-4  4.5431-4  4.5432-4  7.1376-4  7.1377-4  ; 

NIAL(S)  3.6347-1  3.6347-1  3.6347-1  3.6347-1  3.6347-1  3.6347-1  3.6347-1  3.6347-1  0.0000  0  0.0000  0  I 

HI2AL3(S)  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  2.0551-1  2.0551-1  - 

AOOmOHAL  PRCXIUCIS  WHICH  WERE  COHSIDEREO  OUT  WHOSE  MOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  CONDITIO 

A1<S)  NKS)  HI(L)  NI  HI3AL(5)  HIAl3(S) 

P,  ATH  1.0000  1  1.0000  1  1.0000  1 

T,  DEG  K  1273  1223  1173 

AL(L)  2.0551-1  2.05s’l'-1  2.0551-1  ' 

AR  4.2027-1  4.2027-1  4.2027-1 

112  7.1370-4  7.1370-4  7.1370-4 

NI2AL3(S)  2.0551-1  2.0551-1  2.0551-1 

AOOtTIOHAL  PROOUCTS  WHICH  WERE  CONSIDERED  OUT  WHOSE  MOLE  FRACTIONS  WERE  LESS  THAN  0.10000^-07  FOR  ALL  ASsioNED  COIIOIllt 
*<-<S>  AL  ALII  II  HI(S)  MI(L)  •”  HI  HI3AL(S)  MlXlfSI  HI/ 


1*,  aim  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0 

T,  DEG  K  2473  2423  2273  2123  2073  2023  1973  1923 

AUl)  4.7512-1  4.9316-1  5.1972-1  5.2092-1  5.3036*1  5.3134-1  5.3200-1  5.3244-1 

41  5.7005-2  3.9063-2  1.3367-2  4.2040-3  2.7770-3  1.0006-3  1.1433-3  7.0937-4 


ALII 

1.S63^-A_ 

.  I. '2003 -4 

6.5092-5 

2.9291-5 

2.1610-5 

1.5670-5 

1.1146-5 

7.7695-6 

AR 

1.9993’^! 

1.9993-1 

1.9993-1 

1.9993-1 

1.9993-1 

1.9993-1 

1.9993-1 

1.9993-1 

II 

1.5190-4 

1.2400-A 

6.3354-5 

2.01A7-5 

2.0010-5 

1.5120-5 

1.0804-5 

7.5727-6 

112 

1.7900 -A 

2.0641 -A 

2.6060-4 

3.0A30-A 

3.1201-4 

3.1702-4 

3.2225-4 

3.2555-4 

■JMKL) 

2.6234-1 

2.6391-1 

2.6592-1 

2.6643-1 

2.66A9-I 

2.6653-1 

2.6655-1 

2.6656-1 

HI 

4.2402-3 

2.6643-3 

6.6034-4 

1.4620-4 

0.4090-5 

4.0011-5 

2.6306-5 

1.4050-5 

AOOIrtOI/AL  PRODUCTS  UIIICII  WERE  COHSIOEREO  OUT  WHOSE  MOLE  FRACTIONS  WERE  LESS  THAN  0.tOOOOE'07  FOR  ALL  ASSIGNED  CONDITIO' 

AL(S)  NI(S)  III3AL(S)  IIIAL(S)  NI2AL3TS)  lltAL3(S) 

A 

: 


P,  ATM 

1.0000  0 

1.0000  0 

1.0000  0 

1.0000  0 

1.0000  0 

I. 0000  0 

1.0000  0 

1.0000  0 

1.0000  0 

1.0000  0 

T,  DEC  K 

1773 

1723 

1673 

1623 

i5r3 

1523 

1473 

1423 

1373 

1323 

AL(L) 

3.6327-1 

3.6336-1 

3.6341-1 

3.6344-1 

3.6346-1 

3.6346-1 

3.6347-1 

3.6347-1 

2.8551-1 

2.8551-1 

AL 

1.9629 -A 

1.0030-4 

5.7610-5 

2.9444-5 

1.4402-5 

6.7122-6 

2.9661-6 

1.2356-6 

7.5745-7 

2.7476-7 

lALH 

3.1367-6 

1.9074-6 

1.2235-6 

7.2908-7 

4.2072-7  2.3354-7 

1.2436-7 

6.3250-8 

4.8026-8 

2.1929-8 

AR 

2.7260-1 

2.7260-1 

2.7260-1 

2.7260-1 

2.7260-1 

2.7260-1 

2.7260-1 

2.7260-1 

4.2827-1 

4.2027-1 

II 

3.1300-6 

2.0142-6 

1.2507-6 

7.6431-7 

4.4974-7  2.5569-7 

1.3997-7 

7.3493-8 

5.7885-8 

2.7566-8 

H2 

A. 5120-4 

4.5234-4 

4.5310-4 

4.5359-4 

4.5390-4 

4.5409-4 

4.5421-4 

4.5427-4 

7.1372-4 

7.1376-4 

MIAL(S) 

3.6347-1 

3.6347-1 

3.6347-1 

3.6347-1 

3.6347-1 

3.6347-1 

3.6347-1 

3.6347-1 

0.0000  0 

0.0000  0 

HI2AL3(S) 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

2.8551-1 

2.8551-1 

■  ADDITIONAL  PRODUCTS  WHICH  WERE  CONSIDERED  OUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  COHOIII 


AL(S) 


lU(S) 


HI(L) 


Nl 


HI3AL(S) 


NIAL3(S} 


P.  AIM  1.0000  0  1.0000  0  1.0000  0 

T,  DEO  K  1273  1223  1173 


AL(L)  2.0551-1  2.055M  2.0551-1 
AL  9.1057-0  2.0019-0  7.7059-9 
AR  A. 2027-1  A. 2027- I  A. 2027-1 
H  t. 2395-0  5.2262-9  2.0A93-9 
112  7.1377-A  7.  1377-A  7.1370-A 
HI2AL3(S)  2.0551-1  2.0551-1  2,8551-1 

ADDITIONAL  PRODUCTS  WHICH  WERE  COHStOFREO  OUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  CONDI  I; 


AL(S) 

ALH 

HKS) 

HI(L) 

Nl 

HI3AL(S)  HIAL(S) 

NIAL3(S) 

P,  AIH 

1.0000- I 

1.0000-  1 

l.OOOO-l 

1 .0000-1 

1.0000-1 

1,0000-1 

1.0000-1  l.OOOO-l 

1.0000-1 

1.0000-1 

T,  DEG  K 

2473 

2423 

2273 

2123 

2073 

2023 

1973  1923 

1873 

1823 

AL{L) 

0.0000  0 

0.0060  0 

0.0000  0 

4.1230-1 

4.5912-1 

4.0742-1 

5.0501-1  5.1604-1 

3.5748-1 

3.5998-1 

AL 

5.3295-1 

5.3294-1 

5.3292-1 

1.2073-1 

7.3936-2 

4.5660-2 

2.0093-2  r.7000-2 

5,9651-3 

3.4003-3 

ALH 

1.1525-4 

1.3930-4 

2.2619-4 

1.2926-4 

9.7359-5 

7.1746-5 

5.1711-5  3,6430-5 

2.2603-5 

1.5155-5 

AR 

1.9990-1 

1.9991-1 

1.9993-1 

1.9993-1 

1.9993-1 

1.9993-1 

1.9993-1  1,9993-1 

2.7260-1 

2.7260-1 

R 

4.6361-4 

4.1574-4 

2.5448-4 

1.2-'.21-4 

9.3718-5 

6.9260-5 

5.0125-S  3.5507-5 

2.2265-5 

1.5005-5 

112 

4.3753-5 

5.5644-5 

9.2090-5 

2.0649-4 

2.3768-4 

2.6272-4 

2.5730-4  2.9725-4 

4.'3186-4 

4.3926-4 

Nl 

2.6653-1 

2.6654-1 

2.6657-1 

2.6650-1 

2.6650-1 

2.6658-1 

2.6658-1  2.6650-1 

4.9581-7 

1.0446-7 

HIALIS) 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0  0.0000  0 

3.6347-1 

3.6347-1 

ADOIIIOIIAL  PRODUCTS  WHICH  WERE  COHSIOEREO  OUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  COHOII 
AL(S)  HKS)  lll(L)  HI3AL'.S)  MI2AL,5(S)  MIAL3(S) 

^Tl!  1.0000-1  1.0000-1  l.OOOO-l  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1,0000-1  1,0000-1 


T,  DEC  K 


1/73-  ■  1723 


QhIAL(S) 

MI2AL3<S) 


3.6U9-1  3.6238-1  3.6289-1  3.6317-1  3.6333-1  3.6360-1  3.634A-1  3.6366-1  2.05S0-1  2.8551-1 
1.97S7-3  1.0869-3  5.7720-6  2.9672-6  1.6609-6  6.7137-5  2.9663-5  1.2357-5  7.5766-6  2.7676-6 
9.0767-6  6.2661-6  3.0612-6  2.3051-6  1.3296-6  7.3017-7  3.9316-7  1.9999-7  1.5106-7  6.9363-8 
2.7260-1  2.7260-1  2.7260-1  2.7260-1  2.7260-1  2.7260-1  2.7260-1  2.7260-1  6.2027-1  6.2027-1 
9.0036-6  6.3506-6  3.9725-6  2.6130-6  1.6211-6  0.0010-7  6.6251-7  2.3237-7  1.0303-7  8.7169-8 
6.6666-6  6.6003-6  6.5062-6  6.5190-6  6.5296-6  6.5357-6  6.5392-6  6.5612-6  7.1361-6  7.1370-6 
6.509  -0  2.165  -0  6.768  -9  1.957  -9  5.266-10  1.208-10  2.072-11  5.761-12  2.960-13  6.176-16 
3.6367-1  3.6367-1  3.6367- 1_ 3!6367- 1  3.6367-1  3.6367-1  3.6367-1  3.6367-1  0.0000  0  0.0000  0 
0.0000  0  0.0000  0  0.0000  OlO.OOOO  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  2.0551-1  2.8551-1 


AODITtOHAL  PRODUCTS  WHICH  WERE  CONStOEREO  OUT  WHOSE  HOLE  FNACTIOHS  WERE  LESS  THAM  0.10000E-07  FOR  ALL  ASSIGNED  CONDITIO) 


MI3AL(S> 


NtAL3(S> 


f 

'  ■  P,  ATM 
I,  DEG  K 


1.0000-1  1.0000-1  1.0000-1 
1273  1223  1173 


AL(L)  2.0551-1  2.8551-1  2.0551-1 

AL  9.1057-7  2.0019-7  7.7059-0 

ALII  2.9712-0  1.1052-0  6.3613-9 

AR  6.2027-1  6.2027-1  6.2827-1 

II  3.9197-0  1.6527-0  6.6006-9 

112  7.1376-6  7.1377-4  7.1370-6 

III2AL3(S)  2.0551-1  2.0551-1  2.0551-1 

AOOmOHAL  PRODUCTS  WHICH  WERE  CONSIDERED  OUT  WHOSE  HOLE  FRACTIOUS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  COHOITIC 

AL<S)  HI(S)  lll(L)  HI  HI3AL(S)  NIAL(S)  )IIAL3(S) 

P,  ATH  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1 

T,  OEC  K  2673  2623  2273  2123  2073  2023  1973  1923 

AL<L)  3.6511-1  6.3175-1  5.0631-1  5.2652-1  5.2769-1  5.2950-1  5.3006-1  5.3172-1 

AL  1.6703-1  1.0123-1  2.0752-2  0.5951-3  5.6347-3  3.6360-3  2.3001-3  1.6239-3 

ALII  2.1707-6  1.7903-6  9.1920-5  6.1000-5  3.0367-5  2.2064-5  1.5690-5  1.0956-5 

AR  1.9993-1  1.9993-1  1.9993-1  1.9993-1  1.9993-1  1,9993-1  1.9993-1  1.9993-1  ,  '  '' 

H  2.1100-6  1.7366-6  0.0307-5  3. 9^75-5  2-9232-5  2.1201-5  1.5217-5  1.0677-5 

112  1.1915-6  1.5699-4  2.6307-6  2.9295-4  3.0362-6  3.1156-6  3.1776-4  3.2261-6 

HI(L)  2.5629-1  2.5901-1  2.6516-1  2.6620-1  2.6641-1  2.6668-1  2.6652-1  2.6655-1 

HI  1.2296-2  6.7656-3  1.6203-3  2.9906-6  1.7225-6.9.6920-5  5.3006-5  2.0203-5 

AOOITIOIIAL  PRODUCTS  WHICH  WERE  CONSIDERED  BUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAH  0.10000E-07  FOR  ALL  ASSIGNED  COIIOITK 


III3AL(S) 


HIAL(S) 


HI2AL3(S)  IIIAL3{S.) 


P,  ATH  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1 

T,  DEG  K  1773  1723  1673  1623  1573  1523  1673 


5.0000-1  5.0000-1 


5.0000-1 

1323 


3.6307-1  3.6325-1  3.6335-1  3.6361-1  3.6366-1  3.6366-1  3.63'67-l 
3.9206-6  2.1669-6  1.1526-6  5.0093-5  2.0005-5  1.3625-5  5.9322-6 
6.6311-6  2.0006-6  1.7296-6  1.0319-6  5,9600-7  3.3026-7  1.7506-7 
2.7260-1  2.7260-1  2.7260-1  2.7260-1  2.7260-1  2.7260-1  2.7260-1 
6.6361-6  2.0665-6  1.7793-6  1.0006-6  6.3591-7  3.6156-7  1.9796-7 
6.6991-6  6.5151-6  6,5258-6  6.5320-6  6.5372-6  6.5399-6  6.5615-6 
1.296  -0  6.317  -9  1,367  -9  3.911-10  1.060-10  2.575-11  5.766-12 


3.6367-1 

2.6713-6 

8.9667-8 

2,7260-1 

1.0393-7 

6.5626-6 

1.152-12 


2. 0551- 1 
1,5169-6 
6.7917-8 


2.0551-1 

5.6952-7 

3,1012-8 


6,2027-1  6.2027-1 


8.1060-0 

7,1370-6 

5.079M6 


3.0905-0 
7.1376-6 
0.367- 15 


ji'j ;  >ii(  ii/';)  .Jiip  i 


MIAL(S)  3.6347-1  3.6347-1  3.6347-1  3.6347-t  3.6347-1  3.6347-1  3.6347-1  3.6347  1  0.0000  0  O.OOOO  0  | 

!1|2A13(S)  0.0006  (T  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  2.05S1-1  2.05S1-1  | 

AOOITIOHAL  PROOUCrS  WHICH  WERE  COHSIOEREd  ROT  WHOSE  HOLE  rHACTIOHS  WERE  LEES  TIIAM  0.100006-07  FOR  ALL  ASSIGIIED  COHDITIOI!  | 

i 

t 

'.ALLS)  Ht(S>  HI(L)  HI3AL(S)  IMAL3(S) 

P,  A!H  5.0000-1  5.0000-1  5.0000-1 

r,  DEG  K  1273  1223  1173 

AL(L)  2.0551-1  2.0551-1  2.0551-7 

^AL  1.0371-7  5.6037-0  1.5412  0 

ALII  1.3200-0  5.3006-9  1.9504-9 

AR  4.2027-1  4.2027-1  4.2027-1 

H  1.7530-0  7.3910-9  2.0902-9  > 

112  7.1376-4  7.1377-4  7.1370-4 

j  N12A13(S)  2.0551-1  2.0551-1  2.0551-1 

AOOITIOHAL  PRODUCTS  WHICH  WERE  COHSIOERED  OUT  WHOSE  MOLE  FRACTIOHS  WERE  LESS  THAH 

I 


ALLS)  MILS)  HILL)  HI  HI3AL(S)  .NIAL<S)  IIIAL3(S) 

I 

i 


THIS  PAGE  HAS  BEEN  LEFT  BLANK  INTENTIONALLY 


REACIAIIIS 


AR 

1.0000. 

0.0000 

0.0000  0.0000 

0.0000 

3.000000  H 

0.00 

0.000 

0.00000 

HI 

1.0000 

0.0000 

0.0000  0.0000 

0.0000 

2.000000  H 

0.00 

0.000 

0.00000 

II 

2.0000 

O.OOu-C 

0.0000  0.0000 

O.OOOD 

0.005000  H 

0.00 

0.000 

0.00000 

AL 

1.0000 

0.0000 

0.0000  ‘  0..0000 

0.0000 

5.000000  H 

0.00 

0.000 

0.00000 

P, 

ATH 

1.0000  1 

1.0000  1 

1.0000  1  1.0000  1 

1.0000  1 

1.0000  1 

1.0000  1 

1.0000  1 

r. 

OEG  K 

2473 

2423 

2273  2123 

2073 

2023 

1973 

1923 

AL(L) 

4.0037-1 

4.9132-1 

4.9657-1  74.9912-1 

4.9933-1 

4.9947-1 

4. 9957- 1 

4.9964-1 

AL 

1.1200-2 

0.3474-3 

3.1394-^  6.1034-4 

4.1116-4 

2.6700-4 

1.7057-4 

1.0604-4  • 

ALII 

1.0209-4 

0.3.115-5 

4.1735-5  1.4190-5 

1.0419-5 

7.5219-6 

5.3320-6  3.7002-6 

AR 

2.9905-1 

2.9905-1 

2.9905-1  2.9905-1 

2.9905-1 

2.9905-1 

2.9905-1 

2.9985-1 

II 

1.0005-4 

8.1195-5 

4.0127-5  1.3635-5 

1.0030-5 

7.2614-6 

5.1692-6 

3.61 13-6 

112 

3.9020-4 

4.1725-4 

4.5002-4  4^304-4 

4.0953-4 

4.9236-4 

4.9450-4 

4,9609-4 

HKD'  0.0000  0  C  UOOO  0  0.0000  0  1.?900-1  1.9909-1  1.9909-1  1.9990-1  1.9990-1 

HI  1.9990-1  1.7990-1  1.9990-1  2.1515-5  1.2569-5  7, 1400-6  3.936A-6  -  1003-6 

AnOITlOIIAL  PROnUCIS  UIIICII  Ufinr  COIISIOEREO  8Ur  WHOSE  HOIE  fRAC’.OIIS  WERE  LESS  1IIAII  0.10000E-07  FOR  ALL  A'.'SICHEO  COMOlTIf 
AL(S)  Ht(S)  NI3AL(S)  H1AL<S)  NI2AL3(S)  II1AL3(S) 


P,  ATM 
O  T,  OEG  K 


1.0000  1  1.0000  1  1.0000  I  '1. 0000  1  1.0000  ■  1.0000  1  1.0000  1  l.CoOO  1  1.0000  1  1.0000  1. 
1773  1723  1673  1623  1573  1523  1473  1423  1373  1323 


AL(L) 

AL 

ALII 

AR 

11 

112 

HIAL(S) 

M!2AL3<S) 


3.7474-1  3.7475-1  3.7476-1  3.7476-1  3.7476-1  3./V.77-1  3.7477-1  3.7477-1  3.3306-1  3.3306-1 
2.6967-5  1.4003-5  7.9105-6  4.0474-6  1.9790-6  9.2275-7  4.0776-7  1.6907-7  0.0350-0  3.2051-0 
1.3664-6  0.6516-7  5.3233-7  3.1747-7  1.0296-7  1.0155-7  5.4071-0  2.7499-0  1.7717-8  8.0094-9 
3.7477-1  3.7477-1  3.7477-1  5.7477-1  3.7477-1  3.7477-1  3.7477-1  3.7477-1  4.9958-1  4.9950-1 
1.363-6  0.7681-7  5.4768-7  3.3244-7  1.9550-7  1.1110-7  6.0058-8  3.1952-0  2.1354-8  1.0169-8 
6.2324-4  6.2374-4  6.2407-4  6.2420-4  6.2442-4  6.2453-4  6.2457-4  6.2459-4  0.3262-4  8.3263-4 
2.4904-1  2.4904-1  2.4904-1  2.4984-1  2.4904-1  2.4984’ 1  2.4904-1  2.4904-1  0.0000  0  0.0000  0 
0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  n  0.0000  0  0.0000  0  O.COOO  J  1.6653-1  1.6653-1 


AOOiriOHAL  PROOUCIS  UIIICII  WERE  COIISIOEREO  BUI  WHOSE  HOLE  FRACIICHS  WERE  LESS  IIIAH  10000E-0?  FOR  ALL  ASSIGNED  COHOITU 


NI3AL(S) 


NIAL3(S) 


P,  AIM 
T,  OEG  K 


I. 0000  1  1.0000  1  1.0000  1 
1273  1223  1173 


3.3306-1  3.3306-1  3.3306-1 
1.072  -0  3.260  -9  0.909-10 
4.9950-.1  4.9950-1  4.9950-1 
0.1264-4  8.32«4  4  0.3264-4 


HI2AL3{S)  1.6653-1  1.6653-1  1.6653-1 

APOITIOHAL  PROOUCIS  WHICH  WERE  COIfSIOEBEO  BUT  WHOSE  MOLE  FRACTIOMS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSICMEO  COHOII; 


.  H13AL(S)  HIAL(S)  HIAL3(S) 


K’b'nl 


I 


P,  ATH 

1.0000  0 

1.0000  0 

1.0000  0 

1.0000  0 

1.0000  0 

1.0000  0 

1.0000  0 

1.0000  0 

T,  DEG  K 

24  73 

2423 

2273 

2123 

2073 

2023 

1973 

1923 

AL(L) 

4.1270  1 

4.3977-1 

4.7960-1 

4.9340-1 

4.9555-1 

4.9703-1 

4.9002-1 

4.9067-1 

AL 

0.6013-2 

5.9705-2 

2.0040-2 

6.3049-3 

4.1640-3 

2.7004-3 

1.7147-3 

1.0639-3 

ALII 

2.3441-4 

1.9321-4 

9.0022-5 

4.3929-5 

3.2422-5 

2.3502-5 

1.6716-5 

1.1652-5 

AR 

2.9905-1 

2.9905-1 

2. '90S  ' 

2.9905-1 

2.9905-1 

2.9905-1 

2.9905-1 

2.9905-1 

11 

2.2793-4 

1.0717-4 

9.. 315-5 

4.2213-5 

3.1209-5 

2.2600-5 

1.6203-5 

1.1357-5 

112 

2.6050-4 

3.0957-'. 

4.0203-4 

4.5660-4 

4.6793-4 

4.7666-4 

4.0329-4 

4.0025-4 

HI(L) 

1.9354-1 

1.9590- 1 

1.9091-1* 

1 . 9960- ; 

1.9977-1 

1.9903-1 

1.9906-1 

1.9900-1 

MI 

6.3592-3 

3.9957-3 

9.9034t4. 

2.1930-4 

1.2731-4 

7.2005-5 

3.9573-5 

2.1072-5 

AOO'TIOHAL  PRODUCTS  UIIICII  WERE  COIIStOEREO  OUT  WHOSE  MOLE  FRACTIOUS  WERE  LESS  THAI!  O.IOOOOE-Or  FOR  ALL  ASSIGirO  ^OMOITH 


AL(S)  MUS)  III3AI(S)  HIAL(S) 


P,  AIM 

1.0000  0 

1.0000  0 

’.0000  0 

1.0000  0 

I,  OEG  K 

1773 

1723 

1673 

1623 

AL(L) 

3.7449- 1 

3.7461-1 

3.7460-1 

3.7472-1 

AL 

2.6905-4 

1.4009-4 

.^9200-5 

4.0470-5 

ALII 

4.3122-6 

2.7323-6 

1  6020-6 

1.0034-6 

AR 

3.7477- 1 

3.7477-  1 

3.7477-1 

3.7477-1 

II 

4.3151-6 

2.7691-6 

1, 7305-6 

1.0507-6 

112 

6.2030-4 

6.2106-4 

6.2290-4 

6.2350-4 

HI2ALJ(S)  IIIAL3(S) 


1.0C00  0 

1.0000  0 

1.0000  0 

1.0000  0 

1.0000  0 

1.0000  0 

1573 

1523 

1473 

1423 

'  1373 

1323 

3.7475-' 

3.7476-1 

3.7476-1 

3.7476-1 

3.3305-1 

3.3306-1 

i. 9799- 5 

9.2277-6 

4.0776-6 

1  6907-6 

0.0350-7 

3.2051-7 

5.7839-7 

3.2106-7 

1.709  -7 

0.6954-8 

5.6023-0 

2.5501-0 

3.7477-1 

3.7477-1 

.3.74  77-1 

3.7477- i 

4.9950-1 

4.9950-1 

6.1020-7 

3.5151-7 

1. '7243-7 

1.0104-7 

6.7524-8 

3.2157-0 

6.2401-4 

6.2427-4 

6.2443-4 

6.2452-4 

0.3250-4 

0.3262-4 

HIAL(S)  2.i;904-1  2. 4904-1  2.4904-1  2.4904-  1  2.4904-  1  2.4904-1  2.4904-1  2.49P'.-1  0.0000  0  0.0000  0 

MI2AL3(S)  O.OOdo  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  1.6653-1  1.6653-1 

AOOmOHAL  PRODUCTS  WHICH  WERE  COHSIOEREO  OUI  WHOSE  HOLE  FPACflOHS  WERE  LESS  TUAH  0.100C0E  07  FOR  ALL  ASSICHED  COHOITIC 


ALLS) 

III(S) 

MILL) 

III 

P,  AIH 

1.0000  0 

1.0000  0 

1.0000  0 

T,  OE.'I  IC 

1273 

1223 

1173 

Al(L) 

3.3306- 1 

3.3306-1 

3.3306-  I 

AL 

1.0715-7 

3.2604  0 

0.9091 

HI3AHS)  NIAL3(S> 


I 


Iqsiiiiiiia 


THIS  I’AGIC  HAS  BERN  LEFT  BLANK  INTENTIONALLY 


0  ^ 

REACTANTS 

AR  1.0000 

0.0000 

0.0000  0.0000 

0.0000 

1.000000  H 

0.00 

0.000  0.00000 

Nl  1.0000 

0.0000 

0.0000  0.0000 

0.0000 

3.000000  H 

0.00 

0.000  0.00000 

H  2.0000 

0.0000 

0.0000  0.0000 

0.0000 

0.005000  H 

0.00 

0.000  0.00000 

AL  1.0000 

C.OOOO 

0.0000  0.0000 

0.0000 

2.000000  H 

0.00 

0.000  0.00000 

P,  ATH 

1.0000  1 

1.0000  1  1.0000  1  1.0000  1 

1.0000  1 

1.0000  1  1.0000  1 

1.0000  1 

T,  DEG  K 

2T.73 

2A23  2273  2123 

2073 

2023  1973 

1923 

AL(L) 

3.1706-1 

3.2100  1  3.2001-r  3.3270-1 

3.3202-1 

3.3290-1  3.3296-1 

3.3299-1 

AL 

1.5039-2 

1.1129-2  A.105S-3  3.AA56-A 

2.2911-4 

1.4923-4  9.5044-5 

5.9088-5 

AlH 

1.55 19- A 

1.2611-A  6.2A83-5  1.37SA-5 

1.0003-5 

7.2705-6  5.1498-6 

3.5785-6 

1 

* 

AR 

1.6653-1 

1.6653-1  1.6653-1  1.6653-1 

1.6653-1 

1.6653-1  1.6653-1 

1.6653-1 

i 

H 

1.5091 -A 

1.2217-A  6.0076-5  1.3217-5 

9.7062-6 

7.0186-6  4.9918-6 

3.4879-6 

} 

112 

6. 7059- A 

7.0050-A  7.7136-A  J^19t5-A 

0.2274-4 

8.2549-4  8.2757-4 

8.2911-4 

1 

NI(L) 

0.0000  0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

0 

4.9950-1 

4.9958-1  4.9958-1 

4.9958-1 

NI 

A. 9950-1 

A. 9950-1  A. 9950-1  1.1909-5 

7.0030-6 

3.9790-6  2.1935-6 

1.1703-6 

ADDITIONAL  PRODUCTS  WHICH  WERE  COMSIOEREO  flUT  WHOSE 

HOLE  TRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  COHDITI- 

ALTS) 

NI(S) 

NI3AL(S)  HIAL(S) 

NI2AL3(S)  N1AL3(S) 

P,  ATM 

1 .0000  1 

1.0000  1  1.0000  1  1.0000  1 

1.0000  1 

1.0000  1  1.0000  1 

1.0000  1 

1.0000  1  1.0000  1 

I,  DEG  K 

1773 

1723  1673  1623 

1573 

1523  1473 

1423 

1373  1323 

AL 

5.030  -8 

2.010  -8  fl.OIA  -9  1.192  -8 

4.302  -9 

1.508  -9  4.821-10 

1.422-10 

3.836-11  9.365-12 

AR 

2.A969-1 

2.A969-1  2.A969-1  3.3270-1 

3.3270-1 

3.3278-1  3.3278-1 

3.3278-1 

3.3278-1  3.3278-1 

II 

1.5017-6 

1.01AO-6  6.3326-7  S.122A-7 

3.0133-7 

1.7129-7  9.3757-e 

4.9225-8 

2.4678-0  1.1752-8 

M2 

1.2A76-3 

1.2A79-3  1.2402-3  1.6636-3 

1.6630-3 

1.6638-3  1.6639-3 

1.6639-3 

1.6639-3  1.6639-3 

HITS) 

0.0000  0 

2.4969-1  2.A969-1  0.0000  0 

0.0000  0 

0.0000  0  0.0000  0 

0.0000  0 

0.0000  0  0.0000  0 

MI(L) 

2.A969-1 

0.0000  0  0.0000  0  0.0000  0 

0.0000  0 

0.0000  0  0.0000  0 

0.0000  0 

0.0000  0  0.0000  0 

Nl 

2.120  -7 

9.772  -0  4.000  -0  7.24A  -9 

2.5CA  -9 

8.598-10  2.651-10 

7.508-11 

1.936-11  4.499-12 

NI3AL(S) 

0.0000  0 

0.0000  0  0.0000  0  1.6639-1 

1.6639-1 

1.6639-1  1.6639-1 

1.6639-1 

1.6639-1  1.6639-1 

NIAL(S) 

A. 9930-1 

4.9930-1  4.9930  1  4.9917-1 

4.9917-1 

4.9917-1  4.9917-1 

4.9917-1 

4.9917-1  4.9917-1 

ADDITIONAL  PRODUCTS  WHICH  WERE  CONSIDERED  OUT  WHOSE 

HOLE  FRACTIONS  WERE  LESS  THAN  O.lOOOOE-07  FOR  ALL  ASSIGNED  CONOITI 

Al(S) 

AL(L) 

ALH  HI2AI3(S) 

HIAL3(S) 

* 

P,  AIM 

1.0000  0 

1.0000  0  1.0000  0  1.0000  0 

1.0000  0 

1.0000  0  1.0000  0 

1.0000  0 

T,  DEG  K 

2A73 

24  2  3  2  2  73  2  1  23 

2073 

2023  1973 

1923 

AL(L) 

2.0A39-1 

2.9952-1  3.2170-1  3,2950-1 

3.3070-1 

3.3153-1  3.3208-1 

3.3245-1 

AL 

A.0A10-2 

3.3J32-2  1.117A-2  3.5136-3 

2.3209-3 

1.5048-3  9.5550-4 

5.9283-4 

AUl 

2.570A-A 

2.0501-A  9.9650-5  4.3141-5 

3.1677-5 

2.2872-5  1.6220-5 

1.1283-5 

AR 

1.6653-1 

1.6653-1  1.6653-1  1.6653-1 

1.6653-1 

1.6653-1  1.6653-1 

1.6653-1 
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2.A99A-A 

1.9930-4  9.5012-5  4.1456-5 

3. 0492 -5 

2.2080-5  1.5723-5 

1.0997-5 

H2 

5.7915-A 

6.3005-4  7.3491-4  7.9034-4 

8.0156-4 

8.1016-4  8.1667-4 

8.2150-4 

NI(L) 

4.960A-1 

4.9736-1  4.9903-1  4.9946-1 

4.9951-1 

4.9954-1  4.9956-1 

4.9957-1 

Nl 

3.5A61-3 

2.2278-3  5.5190-4  1.2225-4 

7.0947-5 

4.0125-5  a.S052-S 

1.1742-5 

ADDITIONAL  PRODUCTS  WIIICI 

WERE  CONSIDERED  OUT  WHOSE 

HOLE  FRACriOMS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  COHDIt;  ; 

AI.(S) 

HUS) 

MI3AL{S)  HIALTS) 

HI2al3(' 

)  NIAL3(S) 

1 

P,  AIM 

1.0000  0 

1.0000  0  1.0000  0  1.0000  0 

1.0000  0 

1.0000  0  1.0000  0 

1.0000  0 

1.0000  0  1.0000  0  1 

t,  nrp,  K 

1773 

1723  1673  1623 

1573 

1523  1473 

1423 

1373  1323  1 

W 

AL  S.030  -7  2.018  -7  8.014  -8  1.192  -7  4.382  -8  1.508  -8  4.821  -9  1.422  -9  3.836-10  9.365-11 

ALII  1.394  -8  6.415  -9  2.946  -9  5.113  -9  2.214  -9  9.072-10  3.496-10  1.259-10  4.206-11  1.292-11 

AR  2.4969-1  2.4969-1  2.4969-1  3.3278-1  3.3278-1  3.3278-1  3.3278-1  3.3278-1  3.3278-1  3.3278-1 

H  4.9983-6  3.2051-6  2.0020-6  1.6196-6  9.5282-7  5.4163-7  2.9648-7  1.5566-7  7.8037-8  3.7163-8 

H2  1.2459-3  1.2468-3  1.2474-3  1.6631-3  1.6635-3  1.6637-3  1.6638-3  1.6638-3  1.6639-3  1.6639-3 

HKS)  0.0000  0  2.4969-1  2.4969-1  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0 

HI(L)  2.4969-1  0.0000  0  0.0000  0  C.OOOO  0  O.OOCO  0  0.0000  0  0.0000  0  0.0000  0  O.OOJO  0  0.0000  0 

NI  2.120  -6  9.772  -7  4.080  -7  7.244  -0  2.504  -0  0.590  -9  2.650  -9  7.508-10  1.936-10  4.499-11 

HI3AL{S)  0.0000  0  0.0000  0  0.0000  0  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1 

NIAL(S)  4.9937-1  4.0937-I  4.9938-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1 

AOOiriOHAL  PRODUCTS  WHICH  WERE  COHSIOERio  BUI  WHOSE  MOLE  TRACTtOHS  WERE  LESS  THAH  0.10000E-07  FOR  ALL  ASSIGNED  COHOITI- 

AL(S)  AL(L)  MI2AL3(S)  HIAL3(S)  ! 

i 

P,  AIM  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  i 

T,  DEC  K  1273  1223  1173  1125  1073  1023  973  923  873  823  773  j 

AR  3.3278-1  3.3270-1  3.3278-1  3.3278-1  3.32'0-1  3.3278-1  3.3278-1  3.3270-1  3.3270-1  3.3278-1  3.3270-1 

H  1.671  -8  7.046  -9  2.763  -9  9.979-10  3.202- lO  9.700-11  2.533-11  5.731-12  1.096-12  1.718-13  2.126-14 

H2  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3 

NI3AL(S)  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6659-1  1.6639-1  1.6639-1 

KIAL(S)  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1 

APOmOHAL  PROOUCrS  WHICH  WERE  COHSIOEREO  OUI  WHOSE  HOLE  FRACHOHS  WERE  LESS  THAH  0.10000E-07  FOR  ALL  ASSIGHEO  COHDIT' 

AL(S)  Ai(L)  AL  ALII  M1(S)  HKL)  NI  N12AL3(S)  IUALSLS) 

P,  AIM  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1 

I,  DEC  K  2473  2423  2273  2123  2073  2023  1973  1923 

AKL)  0  0000  0  0.0000  0  O.OOOO  0  2.0922-  1  3.0631-1  3.1657-1  3.2292-1  3.2609-1 

AL  3.3274-1  3.3274-1  3.3272-1  4.3690-2  2.6645-2  1.6416-2  1.0007-2  6.1204-3 

ALII  1.6310-4  1.9319-4  2.9033-4  1.4246-4  1.0257-4  7.3203-5  5.1567-5  3.5739-5 

AR  1.6645-1  1.6647-1  1.6651-1  1.6653-1  1.6653-1  1.6653-1  1.6653-1  1.6653-1 

H  1.0514-3  9.2297  4  5.3761-4  1.3690-4  9.0731-5  7.0667-5  4.9906-5  3.4034-5 

112  2.2500-4  2.7426-4  4.1460-4  6.9296-4  7.5199-4  7.6071-4  7.0106-4  7.9735-1, 

Nt(l)  0.0000  0  0.0000  0  0.0000  0  4.9006-1  4.9077-1  4.9915-1  4.9935-1  4.9946-1 

NI  4.9936-1  4.9940-1  4.9952-1  1.5205-3  0.1451-4  4.3773-4  2.3200-4  1.2130-4 

4D0IIICHAL  PROOUCIS  WHICH  WERE  COHSIOEREO  OUI  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGHEO  CONDI’ 

AKS)  HITS)  HI3AL(S)  HIAL(S)  HI2a13(S)  HIAL3(S) 

7,  atm  1.0000-1  1,0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1 

1.  DEC  K  1773  1723  1673  1623  1573  1523  1473  1423  1373  1323 

5.031  -6  2.018  -6  8.014  -7  1.192  -6  4.382  -7  1.508  -7  4.821  -8  1.422  -8  3.836  -9  9.365-10 

4.398  -8  2.026  -8  9.308  -9  1.616  -8  7.000  -9  2.868  -9  1.105  -9  3.981-10  1-..330-10  4.087-11 

2. '.960-1  2.4969-1  2.4969-1  3.3270-1  3.3270-1  3.3278-1  3-3278-1  3.3278-1  '3.3270-1  3.3270-1 

1.5772-5  1.0122-5  6.3254-6  5.1109-6  3.0121-6  1.7124-6  9.3740-7  4.9223-7  2.4677-7  1.1752-7 

1.2405-3  1.2434-3  1.2453-3  1  6613-3  1.6624-3  1.6630-3  1.6636-3  1.6637-3  1.6630-3  1.6639-3 

0.0000  0  2.4960-1  2.4960-1  0  0000  0  O.OOOO  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0 

2.4967-1  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0 

2.128  -5  9.772  -6  4.088  -6  7.244  -7  2.584  -7  8.598  -8  2.651  -8  7.508  -9  1.936  -9  4.499-10 

0.0000  0  O.OOOO  0  0.0000  0  1  6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1 


MIA1.(S)  9936-1  4.9937-1  4.9937-1  4.9916-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1 

AOOITIOHAL  PROOUCTS  WHICH  WERE  CONSIDERED  OUl  WHOSE  HOLE  ERACIIOHS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGHEO  CONDI  IK 

AL(S)  AL(L)  HI2AL3(S)  HIAL3(S) 

p,  aim  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1 

T,  OEG  K  1273  1223  1173  1123  1073  1023  973  923  873  023  773 

AR  3.3270  1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.32*0-1  3.3273-1  3.3270-1 

H  5  204  -0  2.720  -0  0.736  •?  3-156  -9  1.030  -9  3.067-10  0.011-11  1.012-11  3.466-12  5.434-13  6.723-14 

H2  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3 

NI3AL(S)  1.6639-1  1.6639-1  1.663^1  1.6639-1  1.6659-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1 

NIAL(S)  4.9917-1  4.9917-1  4.9917-1  4  9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1 

ADOIIIOHAL  PROPUriS  WHICH  WERE  CONSIDERED  8IJI  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGHEO  COHDIT! 

AL(S)  Al(L)  AL  ALII  NKS)  NHL)  HI  H[2AL3(S)  NIAL3(S) 

p,  AIM  5.0000-1  5.0000-1  5.0000  1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1 

I,  DEG  K  2473  2423  2273  2123  2073  2023  1973  1923 

AL(L)  0.0000  0  6.5144-3  3.0000-1  3.2501-1  3.2030-1  3.2999-1  3.3111-1  3.3105-1 

AL  3.3259-1  3.2606-1  2.4037-2  7.1040-3  4.7094-3  3.0370-3  1.9223-3  1.1900-3 

ALH  4.4056-4  4.0400  4  1.4197-4  6  1000  5  4,4760-5  3.2311-5  2.2914-5  1.5941-5 

AR  1.6652-1  1  6653  1  1.6653-1  1.6653-1  1.66531  1.66531  1.6653-1  1.6653- 1 

II  5.6796-4  4.6000-4  1,3650-4  5  0617-5  4.3006-5  3.1192-5  2.2211-5  1.5537-5 

112  3.2032-4  3.5621-4  6.9341-4  7  7283-4  7,007.2-4  0.0009-4  0.1000-4  0.1690-4 

Hl(l)  0.0000  0  0.0000  0  4.9040-1  4.9933-1  4.9944-1  4.9950-1  4.9954-1  4.9956-1 

III  4.9955-1  4,9959-1  1.1074-3  2.4996-4  l.439(,-4  0.1002-5  4.4364-5  2.3570-5 

ADOIIIOHAL  PROOUCTS  WHICH  WERE  CONSIDERED  BUI  WHOSE  HOLE  FRACTIONS  WERE  LESS  IIIAII  0.10000E-07  FOR  ALL  ASSIGNED  COIIOII 

AL(S)  Ml(5)  HI3AL(S)  NIALfS)  NI2AL3(S)  NIAL3(S) 

P,,  AIM  5.0000-1  5.0000-1  5.0000-1  5  OOOO-I  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1 

I,.  DEC  K  1773  1723  1673  1623  1573  <  523  1  473  14  2  5  1  373  1  3  23 

AL  1.006  -  6  4.036  -  7  1.603  -  7  2.304  -  7  0..764  -  0  3.015  -  8  9.643  -  9  2.045  -  9  7.672-10  1.073-10  *  ' 

ALH  1.970  -6  9.069  -9  4.166  -9  7.230  -9  3.132  -9  1.283  -9  4.944-10  1.700-10  5.940-11  1.020-11 

AR  2.4969-1  2,4969-1  2.4969-1  3.3270  1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1 

H  7.0630  6  4.5315-6  2.0307-6  2.2902-6  1.3474-6  7.6596-7  4.1920-7  2.2014-7  1.1036-7  5.2556-8 

112  1.2449-3  1.2462-3  1.2470  3  1.6627-3  1.6634-3  1.6636-3  1.6637-3  1.6630-3  1.6639-3  1.6639-3 

NKS)  0.0000  0  2.4969-1  2.4^69-1  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0 

HI(L)  2.4960-1  O.pOOO  0  O.OOOO  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0 

HI  4.256  -6  1.954  -6  0.175  -7  1.449  -7  5.160  -0  1.720  -0  5.301  -9  1.502  -9  3.073-10  0.999-11 

MI3AL{S)  0.0000  0  0.0000  0  0.0000  0  1.6637-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1 

MIAL(S)  4.9937-1  4.9937-1  4.9937-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1 

AOOIIIOMAL  PRODUCTS  WHICH  WERE  CONSIOEREO  OUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  AIL  ASSIGNED  COHOII 

AITS)  AL(l)  HI2AL3(S)  HIAL.’TS) 

p,  AIM  5.0000-1  5.0000-1  5.0000-1  S.OOCO-I  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1 

r.  OEG  IS  1273  1223  1173  1123  1073  1023  973  923  873  823  773 


AR 

It 


3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270  1  3.3270-1 
2.363  -  0  9.964  -  9  3.907  -  9  1.411  -9  7..67.2-10  1.372-10  3.502-11  8.105-12  1.550-12  2.430-13  3.007-K 


112 

1.6639-3 

1.6639-3 

1.6639-3 

1.6639-3 

1.6639-3 

1.6639-3 

1.6639-3 

1.6639-3 

1.6639-3 

1.6639-3  1.6639-3 

HI3AL(S) 

1.6639-1 

1.6639-1 

1.6639-1 

1.6639-1 

1.66J9-1 

1.6659-1 

1.6639-1 

1 .6639- 1 

1.6639-1 

1.6639-1  1.6639-1 

HIAKS) 

4.9917-1 

4.9917- 1 

4.9917-1 

4.9917-1 

4.9917- 1 

4.9917-1 

4.9917-1 

4.9917-1 

4.9917-1 

4.9917-1  4.9917-1 

ADDITIOHAL 

PRODUCTS  WHICH  WERE  CONSIDEPEO  OUT  WHOSE 

HOLE  FRAcnOHS  WERE  LESS  THAH  O.IOOOOE  07  FOR  ALL  ASSIGHEO  COHDI 

A'  (S) 

AL(L) 

AL 

All! 

MUS) 

HI(L) 

HI 

NI2AL3(S)  HIAl3(S) 

P,  AIH 

1.0000-3 

1 .0000-3 

1 .0000-3 

1.0000-3 

1.0000-3 

1.0000-3 

1.0000-3 

1.0000-5 

1.0000-3 

1.0000-3 

I,  OEG  K 

2473 

2423 

2273 

« 

2123 

207.3 

2023 

1973 

1923 

1075 

1023 

AL 

3.3278-1 

3.3278-1 

3.3278-1 

3.3281-1 

3.3283-1 

3.3285-1 

3.3287-1 

3.3290-1 

3.0195-4 

1.2066-3 

ALII 

2.5616-6 

3.4396-6 

8.7876-6 

2.2815-5 

3.0534-5 

3.984  9-5 

5.0597-5 

6.2611-5 

1.6641-7 

8.7510-7 

AR 

1.6639-1 

1.6639-1 

1.6640-1 

1.6642-1 

1.6643-1 

1.6645-1 

1.6646-1 

1.6640-1 

2.4954-1 

2.4936-1 

II 

1.6503-3 

1.6431-3 

1.5833-3 

1.3533-3 

1.2072-3 

1.0295-3 

8.3622-4 

6.4697-4 

4.5828-4 

2.3183-4 

112 

5.5437-6 

8.6916-6 

3.5959-5 

K4405-4 

2.1330-4 

2.9754-4 

3.8890-4 

4.7761-4 

1.0105-3 

1.1304-3 

IIKL) 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

2.4599-1 

HI 

4.9917-1 

4.9917- 1 

4.9919- 1 

4.9925-1 

4.9929-1 

4.9934-1 

4.9939-1 

4.9944-1 

2.4992-1 

4.5772-3 

HIAKS) 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

O.COOO  0 

0.0000  0 

0.0000  0 

4.9069-1 

4.9751-1 

AOOiriONAL  PRODUCTS  UlllCM  W€RE  CCHSIOEREO  SUT  UIIOSE  HOLE  FRACTIONS  UERE  LESS  THAU  O.TOOOOE-O'  FOR  ALL  ASSIGNED  CONDITI 


ALLS) 

AL(L) 

HI(S) 

HI3AKS) 

MI2AL31S)  HIALSLS) 

P,  AIH 

1 .0000-3 

1  .0000-3 

1.0000-3 

I  0000-3 

1.0000-3 

1 .0000-3 

1.0000-3 

1.00C0-3 

1.0000-3 

1.0000-3 

I,,  DEC  K 

1773 

1723 

1673 

1625 

1075 

1523 

1473 

1423 

1373 

1323 

AL 

5.0019-4 

2.0273-4 

0.0293-5 

1  1926-4 

4.3030-5 

1.5078-5 

4.8216-6 

1.4223-6 

3.8362-7 

9.3649-8 

alh 

4.294  -7 

1.993  -7 

9.210  -0 

1.605  -7 

6.972  -0 

2.862  -0 

1.104  -0 

3.978  -9 

1.330  -9 

4.086- 10 

AR 

2.4954- 1 

2.4962-1 

2.4966-1 

.3.3275-1 

3.3277-1 

3.3277-1 

3.3278-1 

3.3278-1 

3.3273-1 

3.3273-1 

H 

1.5399-4 

9.9591-5 

6.2591-5 

5.0845-5 

3.0000-5 

1.7005-5 

9.3627-6 

4.9189-6 

2.4669-6 

1.1750-6 

H2 

1.1705-3 

I. 1902 -3 

1.2170-5 

1.6382-3 

1.6400 -3 

1.6553-3 

1.6592-3 

1.6614-3 

1.6627-3 

1.6633-3 

HI(S) 

0.0000  0 

2.4005  5 

2.4933-1 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

Hl(l) 

2.4790  1 

0.0000  0 

0.0000  0 

0.0000  0 

o.ooon  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

HI 

2.1501-3 

9.0174-4 

4.0957-4 

7.2475-5 

2.5843-5 

8.5988-6 

2.6506-6 

7.5062-7 

1.9365-7 

6.4994-8 

MI3AL(S) 

0.0000  0 

0.0000  0 

0.0000  0 

1.6640-1 

1.6659-1 

1 .6639- 1 

1.6639-1 

1 .6639- 1 

1.6639-1 

1.6639-1 

HIAKS) 

4.9057-1 

4.9905-1 

4.9924-1 

4.9898-1 

4.9909-1 

4.9914-1 

4.9916-1 

4.9916-1 

4.9917-1 

4.9917-1 

AODIIICHAL  PRODUCTS  WHICH  WERE  COHSIOEREO  BUT  WHOSE  HOLE  FBACIIONS  WERE  LESS  IHAH  0.10000E-n7  FOR  All  ASSIGHEO  CONOIT' 


ALLS) 

P,  AIH 
I,  DEG  K 

Al 

AR 

H 

117 

HITAKS) 

HIAKS) 


Al<l) 


HI2A15(S)  NIAMlS) 


1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  5.0000-3  1.0000-3 

1273  1223  1173  1123  1073  1023  973  923  873  823  773 

■ '  ■ 

2.045  -0  3.941  -9  6.595-10  9.405-11  1.118-11  1.078-12  8.171-14  4.679-15  1.930-16  5.398- 18  9.501-20 

3.3278-1  3.3278-1  3.3278-1  3.3270-1  3.3278-1  3.3278-1  3.3278-1  3.3278-1  3.3278-1  3.3278-1  3.3278  1 

5.204  -7  2.228  -7  8.736  -8  3.156  -8  1.030  -8  3.067  -9  8.011-10  1.812-10  3.466-11  5.434-12  6. 723-13 

1.6636-3  1.6639-3  1.6639-3  1  6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1,6639-3  1.6639-3  1.6639-3 

1.6639-1  1.6639-1  1.6639-1  1  6639-1  1.663'’  1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1 

4.9917-1  4.9917-1  4,9917-1  4.9917-1  4.9917-1  4.9917-1  4'.’9017-1  4.9917-1  4,9917-1  4.9917-1  4.9917-1 


AOOirinUAl  PRODUCTS  UlltCII  WERE  COHSIOEREO  BUI  WHOSE  HOLE  FRACTIOUS  WtRE  IE55  TiiAK  O.ICOCCC  07  FCS  .*.*..1  .'.SSlC-HEO  COHDir 

nf2Al3(S)  NtAL3(S) 


AKS) 


Al  (1) 


ALII 


MI(S> 


HKi: 


Ml 


1.0000-6  1.0000-6  1.0000-6  1  0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6 

2473  2423  2273  2123  2073  2023  1973  1923  lOH  1823 


P,  ATH 
I,  npr.  r 


2073 


AL 

ALH 

AR 

H 

!I2 

HI 

ADDItlOIIAL 

AlC!) 

P,  AIM 
T,  DEfi  K 

AL 

AIM 

AR 

H 

H2 

Nl 

NI3AL<S) 

MIAL(S> 

AOOiriOIIAl 

AUS) 

P,  AIM 
1,  DEG  K 

Al 

AR 

II 

112 

HI 

III3AI(S) 

MIAIC:) 

A!)onioii«i 

Al(S) 


3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.32701  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1 

2.5020-9  3.A031-9  9.23A6-9  2.00A2-0  A. 2061-0  6.A327-0  1.00A6-7  1.6035-7  2.6176-7  A. 3657-7 

1.6639- 1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1 

1.6639- 3  1.6639-3  1.6630-3  1.663A-3  1.6631-3  1.6623-3  1.6607-3  1.6S75-.3  1.650A-3  1.63A6-3 

5.6357  9  0.9129-9  3.9712-0  2.176A-7  A.0A07-7  7.7569-7  1.5339-6  3.13A7-6  6.6210-6  1.AA16-5 

A. 9917-1  A. 9917-1  A. 9917-1  A. 9917-1  A. 9917-1  A. 9917-1  A. 9917-1  A. 9917-1  A. 9917-1  A. 9910-1 

PR00UCT3  WHICH  WERE  COHSIOEREO  BUI  WHOSE  HOLE  rRACtlOHS  WERE  LESS  THAI!  0.10000E-07  FOR  ALL  ASSIGNED  COHDIIH 


AL<L) 

Nl(S) 

NHL) 

MI3AL(S1 

1  HtAL(S) 

MI2AL3<S: 

1  L?  NIAL3(S) 

1.0000-6 

1.0000-6 

1.000^-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1773 

1723 

1673 

1623 

1573 

1523 

1A73 

1A23 

1373 

1323 

3.3279-1 

3.3200-1 

3.3203-1 

ai3901-1 

5.36Aa-2 

1.600A-2 

A. 9197-3 

1.A307-3 

3.flA23-A 

9.3687-5 

7.A050-7 

1.260A-6 

2.0999-6 

A.6A13-6 

2.0530-6 

0.571A-7 

3.3711-7 

1.2329-7 

A.  1590-0 

1.2055-0 

1.6639-1 

1.66A0-t 

1.66A1-1 

2.BA20- 1 

3.2211-1 

3.296A-1 

3.3103-1 

3.3250-1 

3.3270-1 

3.3276-1 

1.5992-3 

1.5217-3 

1.3692-3 

1.A703-3 

0.0333-A 

5.1171-A 

2.05fl0-A 

1.S2AA-A 

7.7100-5 

3.6962-5 

3.2005-5 

7.0526-5 

1.A6A2-A 

6.035A-A 

1.1670-3 

1.3919-3 

1.5160-3 

1.3062-3 

1.62A9-3 

1.6A53-3 

A. 9910-1 

A. 9920-1 

A.992A-1 

1.A525-1 

3.1632-2 

9.1730-3 

2.70A5-3 

7.5527-A 

1.9396-4 

A. 5012-5 

0.0000  0 

0.0000  0 

0.0000  0 

1.0090-1 

1.7206-1 

1.6020-1 

1.6702-1 

1.6659-1 

1.66A5-1 

1.6640-1 

0.0000  0 

0.0000  0 

0.0000  0 

1.A0A0-1 

A.  1050-1 

A.7A92-1 

A. 9172-1 

4.9690-1 

A. 9057-1 

4.9902-1 

PflOOUCTS  WHICH  WERE  CONSIDERED  OUT  WHOSE  MOLE  FRALtlOMS  WERE  LESS  IIIAH  0.10000E-07  FOR  ALL  ASSICHED  CONDI  1 1 
AL(L)  HI(S)  HI(L)  M|2AI3<S)  HIAL3(S) 


1 . 0000  6 

1.0000-6 

1.0000-6 

1  0000-6 

1,0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1273 

1223 

1173 

1123 

1073 

1023 

973 

923 

073 

023 

773 

7.0A3  -5 

3.941  -6 

6.595  -7 

9. 405  -0 

1.110  -0 

1.070  -9 

0.171-11 

4.679-12 

1.930-13 

5.390-15 

9.501-1/ 

3.3277-1 

3.3270-1 

3.3270-1 

3  3270-1 

3.3270-1 

3.3270-1 

3.3270-1 

3.3270-1 

3.3270-1 

3.3270-1 

3.3270-1 

1.667  -5 

7.030  -6 

2.762  -6 

9.977  -7  3.202  -7 

9.700  -0 

2.533  -0 

5.731  -9 

1.096  -9 

1.710-10 

2.126-11 

1.6555-3 

1 .660A-3 

1.6625  3 

1. 6634 -3 

1.6637-3 

1.6639-3 

1.6639-3 

1.6659-3 

1.6639-3 

1.6639-3 

1.6639-3 

9.30A  -6 

1-607  -6 

2.6A0  -7 

3.A9A  -0 

3.022  -9 

3.350-10 

2.292-11 

1.167-12 

4. 212-14 

1.012-15 

1.490-17 

I. 6639-1 

1.6639-1 

1.6639-1 

1.6639-1 

1.6639-1 

1.6639-1 

1.6639-1 

1.6639-1 

1.6639-1 

1.6639-1 

1.6639-1 

A. 9913- 1 

A. 9916- 1 

4.9917-1 

A. 9917-1 

4.9917-1 

-■..9917-1 

A. 9917-1 

A. 991 7-1 

A. 9917-1 

A. 9917-1 

4.9917-1 

rnooucfs  which  WFR'’  COHSIOEREO  OUI  whose  mole  FRACIIOHS  were  less  niAII  0.100006-017  FOR  ALL  ASSIGNED  CONDI  T 
AI(L)  ALII  NI(S)  Nl(l)  MI2AL3(S)  MIAL3(S) 


THIS  PAGE  HAS  BEEN  LEFT  BLANK  INTENTIONALLY 


AR  1.0000 

111  1.0000 

II  2.0000 

AL  1.0000 

0.0000 

0.0000 

0.0000 

0.0000 

O.tiOUO  U 

0.0000  0 

0  0000  0 

0  0000  0 

OUOO  0 . UUUO 

0000  0.0000 

0000  0.0000 

OCOO  0.0000 

1  UUUIJUU  II 

5.000000  M 

0.005000  H 

2.000000  H 

0.00 

0.00 

0.00 

0.000  0.00000 

0.000  0.00000 

0.000  0.00000 

P,  AlH 

1.0000  I 

1.0000  1 

1.0000  1 

1.0000  1  1.0000  1 

1.0000  1 

1.0000  1 

1.0000  1 

I,  OCR  K 

24  73 

2423 

2273 

2123  2073 

2023 

■973 

1923 

ALII  ) 

2.3279-1 

2.3721  1 

2.4500- 1 

2  4950  1  2.4966-1 

2  4973-1 

2.4977-1 

2.4900-1 

AL 

I. 6915-2 

1.2517-2 

4.7077-3 

2  5040-4  1.7107  4 

1 .1194-4 

7.1290-5 

4.4325-5 

ALII 

I . 3935 ■ 4 

1.1376  4 

5.6904  5 

1.0310-5  7.5641-6 

5.4540-6 

3.0631-6 

2.6045-6 

AR 

1  2492-1 

1.2492- 1 

1.2492-1 

1.2492-1  1.2492-1 

1.2472-1 

1.2492-1 

1.2492-1 

II 

1.3551-4 

1.1021-4 

5.4712-5 

9.9145-6  7.2012-6 

5  2651-6 

3.7447-6 

2.6165-6 

112 

4.0710-4 

5.1262-4 

5.6000-4 

6.1449-4  6.1719-4 

6.1925-4 

6.2001-4 

6.2196-4 

HKD 

0.0000  0 

O.OOOO  0 

0.0000  0 

6.2460-1  6.2460-1 

6.2461-1 

6.2461-1 

6.2461-1 

HI 

6.2461-1 

6.2461-1 

6.2461-1 

0.9936-6  5.2539-6 

2.9049-6 

1.6455-6 

0.7794-7 

AOOiTioHAi  ri’ooucrs  which  were  cohsioereo  nor  whose  hole  fHAcnoiis  were  less  tham  o.iooooe-07  for  all  assiciieo 

AL(S) 

>11(5) 

HI3AL(S)  HtAL(S)  MI2AL3(5)  HIAL3(S) 

P.  AIM 

1.0000  1 

1.0000  1 

1.0000  1 

1  0000  1  1.0000  1 

1.0000  1 

1.0HOO  1 

1.0000  1 

1.0000  1 

1.0000  1 

f,  DEC  1C 

1773 

1723 

1673 

1623  1573 

1523 

1473 

1423 

1373 

13.’3 

AL 

3.3SS  -0 

1  346  -0 

5.345  -9 

1.192  -0  4.302  -9 

l.SOO  -9 

4.021-10 

1.422-10 

3.036-11 

9.365-12 

AH 

1.6653-1 

1.6653-1 

1.6653-1 

3.3270-1  3.3270-1 

3.3270-1 

3.3270-1 

3.3270-1 

3.3270-1 

3.3270-1 

H 

1.0549-6 

6.7627-7 

4.2235-7 

5.1224-7  3.0133  7 

1.7129-7 

9.3757-0 

4.9225-0 

2.4670-0 

1.1752-0 

112 

0.3211-4 

0  3230-4 

0.3246-4 

1.6636-3  1.6630-3 

1 .6630-3 

1.6639-3 

1.6639-3 

1.6639-5 

1.6639-3 

lll(S) 

O.OOOO  0 

4.9950-1 

4.9950-1 

0  0000  0  0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

111(1) 

4.99SO- 1 

0.0000  0 

0.0000  0 

0.0000  0  0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

HI 

1.419  -7 

6.517  -0 

2  726  -0 

7.244  -9  2.504  -9 

0.598-10 

2.631-10 

7.500-11 

1.936-11 

4.499- 12 

H13AL(S) 

0.0000  0 

0  0000  0 

0.0000  0 

4.9917  1  4  9917- 1 

4  9917-1 

4.9917-1 

4.9917-1 

4.9917- 1 

6.9917-1 

HI  At (SI 

3  3306-1 

3.3306- 1 

3.3306-1 

1.6639-1  1.6639-1 

1.6639-1 

1.6639-1 

1  6639-1 

1.6639-1 

1.6639-1 

ArtOllinilAL  PROOIICrs  which  WCRC  cohsioereo  DUI  whose  hole  fRACnOIIS  were  less  rilAII  O  10000E  07  rOR  ALL  ASSICIIEO 

Al(S) 

Al  (1  ) 

Al  H 

III2A11(S)  IIIAl3tS) 

p,,  4111 

1.0000  0 

1.0000  0 

1.0000  0 

1.0000  0  1.0000  0 

1.0000  0 

I. 0000  0 

1.0000  0 

I,.  OfC  K 

24  73 

2423 

2273 

2123  2073 

2023 

1973 

1925 

Al,(D 

2  1354-1 

2.2469-1 

2.4139- 1 

2. 4710-1  2.4000-1 

2.4070-1 

2.4911-1 

2.4939-1 

At 

3  6315-2 

2.5004-2 

0.3022-3 

2.6357-3  1.7410-3 

1.1200-3 

7.1677-4 

4.4471-4 

AlH 

1.9202-4 

1.5439-4 

7.4753  5 

3.2363-5  2.3763-5 

1.7156-3 

1.2168-5 

0.4639-6 

Mi 

1.2492-1 

1.7492  1 

1.2492-1 

1.. ’472-1  1.2492-1 

1.2492-1 

1.2492-  1 

1.2492-1 

H 

1  .n747-4 

1.4956 -..4 

7. 1074-5 

3.1090  5  2.2074-5 

1.6563-5 

1.1795-5 

0.2495-6 

h2 

4.3445-4 

4 . 7263 -4 

5.5130-4 

5.9200-4  6.0129-4 

6.0775-4 

6.1263-4 

6.1625-4 

6.?195  I  6.22‘?',  \  6.Z'.?0-1  6.2''.56  I  6.2'.50-1  6.2<59-1  6.2460-1 

2,6601-3  1.6712-3  4.1407  4  9  1710-5  5,3221-5  3.0100-5  1.6542-5  0.8003-6 


AOOIIIOIIAI  ntCOUCIS  UHICII  t^RE  COMSIOEREO  OUT.  WHOSE  JIOIE  rHACIIOHS  WERE*  LESS  tllAM  O.lOOOOE-07  TOR  ALL  ASSICHEO  COHO!  I  lOfIS 
Al{S)  IM{S>  MI3AL(S)  IIIAKS)  HI2A13(5)  HIAL3CS) 


A,  AtH 
I.,  OEf.  K 


1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  1.0000  0  I. 0000  0  1.0000  0 
1773  1723  1673  1623  1573  1523  1473  1423  1373  1323 

3.355  -7  1.346  -7  5  345  -0  1.192  -7  4.302  -0  1.500  -8  4.0**i  -9  1.422  -9  3.036-10  9.365-11 
1.M53-1  1.6653-1  1.6653-1  3.3270  1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1 
3.3336-6  2.1376  6  1.3352-6  1.6196-6  9.5202-7  5.4163-7  2.9640-7  1.5566-7  7.0037-0  3.7163-0 
0.3097-4  0.3157  4  0.3197  4  1.6631-3  1.6635-3  1.6637-3  1.6630-3  1.6630-3  1.6639-3  1.6639-3 
0.0000  0  4.9950-1  4.9950-1  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0 
4.7950-1  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0 
1.419  -6  6.517  7  2.726  -7  7.244  -8  2.504  -8  0.598  -9  2,650  -9  7.538-10  1.936-10  4.499-11 


HI3AL(S)  0.0000  0  0.0000  0  0.0000  0  A. 9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1 

NIAl<S)  3.3305-1  3.3306-1  3.3306-1  1.6635-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1 

AOOinoMAL  PRODUCTS  UIIICII  UCRE  CONSIDERED  BUT  WHOSE  HOLE  fRACTIOHS  WERE  LESS  THAM  0.10000E-07  FOR  ALL  ASSIGHEO  COHOITIOHC 

AL(S)  AL<L)  ALII  MI2AL3<S)  MIAL3<S) 

P,  atm  1.0000-1  1.0000  1  1.0000-1  1.0000-1  1.0000  1  1.0000-1  1.0000-1  1.0000-1 

T,  DEG  K  2473  2423  2273  2123  2073  2023  1973  1923 

AL(L)  0.0000  0  0.0000  0  2.2473-2  2.1696-1  2.2970-1  2.3747-1  2.4224-1  2.4522-1 

AL  2.4965-1  2.4959-1  2.2707-11  3.2701-2  1.9900-2  1.2315-2  7.5670-3  4.5972-3 

ALH  9.9344-5  2.0060-4  3.0003-4  1.0607-4  7.6942-5  5.4913-5  3.0603-5  2.6010-5 

AR  1.2407-1  1.2490-1  1.2492-1  1.2492-1  1.2492-1  1.2492-1  1.2492-1  1.2492-1 

H  0.5311-4  5.6057-4  2.0924-4  1.0J/i9-4  7.4064-5  5.3011-5  3.7497-3  2.6131-5 

112  1.4015-4  2.3907-4  3.2950-4  5.1903-4  5.4911-4  5.7065-4  5.0652-4  5.9014-4 

MI(L)  0.0000  0  5.7024-1  6.1340-1  6.2347-1  6.2400-1  6.2420-1  6.2444-1  6.2452-1 

HI  6.2437-1  4.6256-2  1.1217-2  1.1406-3  6.1101-4  3.2036-4  1.7464-4  9.1056-5 

AOOITIOMAL  PRODUCTS  WHICH  WERE  CONSIDERED  OUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  CONDITIOir 

I 

AL(S)  NKS)  NI3AL(5)  NIAL(S)  HI2Al3lS)  HtAL3(S)  i 

P,  ATM  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  : 

T.  DFG  K  1773  1723  1673  1623  1573  1523  1473  1423  1373  1323  ' 

i 

AL  3.355  -6  1.346  -6  5.345  -7  1.192  -6  4.302  -7  1.500  -7  4.021  -0  1.422  -0  3.036  -9  9.365-10  • 

ALH  2.933  -0  1.351  -0  6.200  -9  1.616  -0  7.000  -9  2.060  -9  1.105  -9  3.901-10  1.330-10  4.087-11 

AR  1.6653-1  1.6653-1  1.6653-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3278-1 

H  1.0519-5  6.7506-6  4.2107-6  5.1109-6  3.0171-6  1.7124-6  9.3748-7  4.9223-7  2.4677-7  1.1752-7 

H2  0.2736-4  0.2925-4  0.3052-4  1.67.13-3  1.6624-3  1.6630-3  1.6636-3  1.6637-3  1.6630-3  1.6639-3 

NKS)  0.0000  0  4.9950-1  4.9950-1  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  i 

NKl)  4.9957-1  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0 

Nl  1.420  -5  6.5 lO  -6  2.726  -6  7.244  -7  2.504  -7  0.598  -8  2.651  -8  7.508  -9  1.936  -9  4.499-10 

III3AL(S)  0.0000  0  0.0000  0  0.0000  0  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1 

HIAL(S)  3.3.305  1  3.3305-1  3.3305-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  ; 

ADDITIONAL  PRODUCTS  WHICH  WERE  CONSIDERED  OUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  O.lOOOOE-07  FOR  ALL  ASSIGNED  CONOITIC 

AI.(S)  A1<L)  NI2AL3(S)  HIAL3{S)  \ 


P,  atm  1.0000-1  1.0000-1  1.0000-1  1.COOO-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1  1.0000-1 

I,  DEG  R  1273  1223  1173  1123  1073  1023  973  923  073  023  773 

* 

AR  3.3270-1  3.32ffe-1  3.3278-1  3.’3270-1  3.3270-1  3.3270-1  3.3278-1  3.3278-1  3.3270-1  3.3270-1  3.3270-1 

H  5.204  -0  2. 220  -8  8. HO  -9  3.156  -9  1.030  -9  3.067-10  0.011-11  1.012-11  3.466-12  5.434-13  6.723-14 

H2  1.6639-3  1.6639-3  I.66T9-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3 

HI3AL(S)  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1 

NIALCS)  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6659-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1 

ADOITIOHAl  PPOOUCTS  WHICH  WERE  CONSIDERED  OUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  O.lOOOOE-07  FOR  ALL  ASSIGNED  CONOITIC 

ALLS)  AL(L)  AL  ALII  NKS)  NHL)  HI  HI2AL3{S)  MIAL3(S) 

7,  AIM  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1 

T,  OEG  1C  2473  2423  2273  2123  2073  2023  1973  1923 

Alfl)  O.nnnn  O  O.OOOO  o  2.3171-1  2.4441-1  2.462ei  2.4754-1  2.4838-1  2.4094-1  . 


a 

I 

m 


Al  2. -’.954-1  2.4952-1  1.0031-2  5.3091-3  3.5320-3  2.2700-3  1.4420-3  0.9260-4 

AIM  2.0275-4  3.1754-4  1.0650-4  4.5760-5  3.3577-5  2.4230-5  1.7109-5  1.1950-5 

AR  1.2491-1  1.2492-1  1.2492-1  1.2492-1  1.2492-1  1.2492-1  1.2492-1  1.2492-1 

H  4.0505-4  4.0462-4  1.0240-4  4.3972-5  3.2321-5  2.3399-5  1.6662-5  1.1655-5 

112  2.4025-4  2.6354-4  5.2016-4  5.7974-4  5.9166-4  6.0079-4  6.0760-4  6.1200-4 

Ht(L)  0.0000  0  0.0000  0  6.2372-1  6.2442-1  6.2450-1  6.2455-1  6.2450-1  6.2459-1 

HI  6.2455-1  6.2450-1  0.9072-4  1.0751-4  1.0799-4  6.0764-5  3.3200-5  1.7601-5 

AOOiriOHAL  PRODUCTS  UIIICII  WERO  COHStOEREO  OUT  WHOSE  HOLE  TRACItOHS  WERE  LESS  IIIAH  O.lOOOOE-07  FOR  ALL  ASSIGMED  COMOtllOH 

AL(S)  Hl(S)  Mt3AL(S)  M|/l<S)  HI2AL3<S)  MIAL3(S) 

I 

\  * 

P,  ATM  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1 

T,  OEG  K  1773  1723  1673  1623  1573  1523  1473  1423  1373  1323 

Al  6.710  -7  2.692  -7  1.069  -7  2^04  -  7  0.764  -  0  3.015  -  8  9.643  -  9  2.045  -  9  7.672-10  1.873-10 

ALII  1.314  -0  6.049  -9  2.778  -9  7.230  -9  3.132  -9  1.283  -9  4.9.'i4-10  1.700-10  5.940-1'  1.020-11 

AR  1.6653-1  1.6653-1  1.6653-1  3.3270-1  3.3278-1  3.3278-1  3.3278-1  3.3278-1  3.3278-1  3.3270-1  i 

II  4.7125-6  3.0223-6  1.8080-6  2.2902-6  1.3474-6  7.6596-7  4.1928-7  2.2014-7  1.1036-7  5.2556-8  j 

H2  0.3027-4  0.3112-4  8.3169-4  1.4627-3  1.6634-3  1.6636-3  1.6637-3  1.6630-3  1.6639-3  1.6639-3  I 

MKS)  0.0000  0  4.9950-1  4.9950-1  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  i 

MI(L>  4.9950-1  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  3.0000  0  0.0000  0  0.0000  0  0.0000  0  I 

HI  2.839  -6  1.303  -6  5.452  -7  1.449  -7  5.160  -0  1.720  -8  5.301  >9  1.502  -9  3.873-10  0.999-11 

i 

MI3AL(S)  0.0000  0  0.0000  0  0.0000  0  4.9917-1  4.9917  1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  : 

HIAKS)  3.3305-1  3.3305-1  3.3306-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  \ 

ADOITIOIIAL  PRODUCTS  WHICH  WERE  COIISIOEREO  BUT  WHOSE  HOLE  FRACTIOMS  WERE  LESS  MIAN  0.10000E  07  FOR  ALL  ASSIGHEO  COHOITin*  j 

AL(S>  AL(L)  III2AL3(S)  MIAL3<S) 

P,  AIM  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1  5.0000-1 

T.  DEG  X  1273  1223  1173  1123  1073  1023  973  923  873  023  773 

AR  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1  3.3270-1 

H  2.363  -0  9.964  -9  3.907  -9  1.411  -9  4.642-10  1.372-10  3.502-11  0.105-12  1.550-12  2.430-13  3.007-14 

H2  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3  1.6639-3 

MI3AL(S)  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1 

MIAI(S)  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6659-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.663'9-1 

AOOIIIOHAL  PRODUCTS  WHICH  WERE  COHSIOEREO  OUT  WHOSE  MOLE  FRACTIOHS  WERE  LESS  THAH  0.10000E-07  FOr'aLL  ASSIGNED  COMOIIIC 

Al(S)  AI(L)  AL  ALII  HI(S)  HI(l)  Nl  MI2AL3(S)  HIAL3(S) 

P.,  ATM  1.0000-3  1.0000-3  1.0000-3  1;Il000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.0000-3  1.OO00-3 

1,  OEG  K  2473  ,?4?3  2273  '  2123  2073  2023  1973  1923  1073  1823 


Al 


2.4969-1  2.4969-1  2.4969-1  2.4970-1  2.4971-1  2.4972-1  2.4973-1  2.4974-1  1.8494-3  0.0508-4 


1.4450-6  1.9424-6  5.0057-6  1.3393-5  1.8225-5  2.4218-5  3.1285-5  3.9292-5  1.1430-6  5.0395-7 
1.2404-1  1.2484-1  1.2405-1  1.;’h06-1  1.2486-1  1.2487-1  1.2488-1  1.2489-1  1.6620-1  1.6630-1 
H  1.2407-5  1.2367-3  1.2020-3  1.0580-3  9.6039-4  8.3399-4  6.8919-4  5.4120-4  2.2735-4  1.5469-4 

•'2  3.1337-6  4.9235-6  2.0726-5  8.U182-5  1.3501-4  1.9525-4  2.^Vl7-4  3.3421-4  7.1676-4  7.5427-4 

WILL)  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  4.9414-1  4.9689-1 

6.2422-1  '.2422-1  6.2424-1  6.2428-1  6.2432-1  6.2436-1  6.2440-1  6.2445-1  6.3119-3  3.0541-3 

WI6l(S)  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  3.3055-1  3.3196-1 

ADDITIONAL  PROOUCIS  WHICH  WERE  COIISIOEREO  8UT  WHOSE  HOLE  FRACTIOMS  WERE  LESS  IIIAH  0.10000E-07  FOR  ALL  ASSIGHEO  COIIDITIf 

'"•C5)  AL{I)  III(S)  MI3AL(S)  HI2AL3(S>  HIAL3(S) 


MI2A13(S>  0.00000  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  4.9075-1  4.9075-1 

ADOmoMAL  PROOUCts'' WHICH  WERE  CONSIDERED  BIJT  WHOSE  HOLE  fRACIIOHS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  CONDITIONS 


ALLS) 


HKS) 


NI(L) 


N13AL<S)  MIAL3<S) 


P,  AIM 

5.0000-1 

5.0000-1 

5.0000-1 

T,  DCG  K 

1273 

1223 

1173 

AL(L) 

0.0000  0 

0.0000  0 

5.1400-0 

AL 

4.9190-0 

4.7751-0 

1.0008-0 

AR 

4.9075-1 

4.9075-1 

4.9075-1 

II 

3.5419-0 

1.4933-0 

5.0557-9 

112 

2.4937-3 

2.4930-3 

2.4930-3 

Ht2AL3(S) 

4.9075-1 

4.9075-1 

4.9875-1 

ADDITIONAL  PRODUCTS  WHICH  WERE  CONSIDERED  BUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  THAN  0.10000E-07  FOR  ALL  ASSIGNED  CONOITIOH 


AI.(S) 


ALH 


HI(S) 


HI(L) 


Nl 


NI3AL(S) 


NIALCS) 


HIAL3(S) 


P,  AIM 

1.0000-3 

1.0000-3 

1.0000-3 

1.0000-3 

1.0000-3 

1.0OOO-3 

1.0000-3 

1.0000-3 

1.0000-3 

1.0000-3 

I.  DCG  K 

24  73 

2423 

2273 

2123 

2073 

2023 

1973 

1923 

1073 

1023 

AL 

4.9917-1 

4.9917- I 

4.9910- 1 

4.9922-1 

4.9925-1 

4.9928-1 

4.9932-1 

4.9955-1 

2.4903-1 

2.4960- 1 

At  H 

3.0395-6 

5. 1541  6 

1.3140-5 

3.4025-5 

4.5470-5 

5.9252-5 

7.5116-5 

9.2006-5 

1.0620-4 

1.2376-4 

AR 

1.6639-1 

1.6639-1 

1.6640-1 

1.6642-1 

1.6643-1 

1.6645-1 

1.6647-1 

1.6640-1 

2.4955-1 

2.4964-1 

II 

1.6490-3 

1.6414-3 

1.5793-3 

1.3454-3 

1.1904-3 

1.0205-3 

8.2763-4 

6.3930-4 

4.4743-4 

3.0945-4 

112 

5.5352-6 

0.6739-6 

3.5770-5 

1.4230-4 

2.1022-4 

2.9236-4 

3.0095-4 

4.6636-4 

9.7009-4 

1.0316-3 

HI 

3.32701 

3.3270-1 

3.3200-1 

3,3204-1 

3.3206-1 

3.3290-1 

3.3293-1 

3.3296-1 

3.8204-4 

0.4340-5 

NIAL(S) 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0  0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

4.9072-1 

4.9920-1 

ADOITIOHAL  PROOUCTS  WNICII  WERE  CONSIDERED  OUT  WHOSE  HOLE  FRACTIONS  WERE  LESS  IHAII  0.10000E  07  FOR  ALL  ASSIGNED  CONOITir 


AL(S) 

AL(L) 

HKS) 

HI(L) 

Nt3AL(S)  NI2AL3(S) 

NIAL3(S) 

P,  ATM 

1 .0000-3 

1 .0000-3 

1.0000-3 

1 .0000-3 

1.0000-3 

1.0000-3 

1.0000-3 

1.0000-3 

1.0000-3 

1.0000-3 

T,,  OFG  K 

1773 

1723 

1673 

1623 

1573 

1523 

1473 

1423 

13n 

1323 

ALIL) 

0.0000  n 

0.4650-2 

1.0252- 1 

2.1932-1 

2.3569-1 

2.4335-1 

2.4693-1 

2.4054-1 

0.0000  0 

p.oooo  0 

AL 

2.4955-1 

1.6492-1 

6.7099-2 

3.0329-2 

1.3972-2 

6.3240-3 

2.7557-3 

1.1407-3 

2.9374-5 

0.7845-6 

AIN 

1.4366-4 

1.2232-4 

6.7305-5 

3.0249-5 

2.1530-5 

1. 1827-5 

6.2677-6 

3.1015-6 

1.0100-7 

3.0331-0 

AR 

2.4960-1 

2.4969- 1 

2.4969- 1 

2.4969-1 

2.4969-1 

2.4969-1 

2.4969-1 

2.4969-1 

4.9072- 1 

4.9074-1 

11 

2.0710  4 

1.2397-4 

6.9320-5 

4.0053-5 

2.3024-5 

1.2949-5 

7.0545-6 

3.6967-6 

3.6971-6 

1.76’0-6 

112 

1.0730-3 

1.1253-3 

i.iooi-3. 

1.2093-3 

1.2262-3 

1.2361-3 

1.2410-3 

1.2450-3 

2.4917-3 

2.4920-3 

HI 

1.700  -5 

3.206  -6 

7.045  -7 

2.014  -7 

5.005  -0 

1.213  -a 

2. 660  -9 

5.318-10 

5.601  -9 

1.077  -9 

HIAL(S) 

4.9933-1 

4.9937- 1 

4.9937-1 

4.9937-1 

4.9930-1 

4.9938-1 

4.9930-1 

4.9930-1 

5.0023-5 

1.7535-5 

Hl2Al3<S) 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

4.9069-1 

4.9074- 1 

AOOinONAL  PRODUCTS  WHICH  WERE  CONSIDERED  OUT  WHOSE  HOLE  FRACIIOHS  WERE  LESS  THAN  O.lOOOOE-07  FOR  ALL  ASSIGNED  COHOIf.I 
AL(S)  HI(S)  HI(L)  NI3ALFS)  HIAL3fS) 


P,  Afll 

1.0000-3  1.0000-3 

I,  DEG  K 

1275  1223 

AL 

2.305  -6  5.009  -7 

AIN 

1.334  -8  4.249  -9 

AR 

4.9075-1  4.9075-1 

1173 


t.-»3 


1073 


1023 


1.0000 

-3 

1.0000 

i-3 

1.0000-3 

1 

.0000-3 

1 

.0000-3 

973 

923 

073 

823 

773 

6.563 

-9 

7.302- 

10 

6.292-11 

4 

.007-12 

1, 

.779-13 

2.771* 

to 

4.901- 

11 

7.078-12 

8 

,039-13 

6. 

.854-14 

4.9075 

-1 

4.9875 

-1 

4.9875-1 

4, 

,9875-1 

4. 

,9875-1 

I  i  IliiiiifliiiiM 


H  7.S>19.:7  3.339  -7  1.309  -7  4.729  -0  1.554  -0  4.597  -9  1.201  -9  2.716-10  5.194-11  0.144-12  1.000-12 

112  2.4934-3  2.4936-3  2.4937-3  2.4937-3  2.4930-3  2.4930-3  2.4930-3  2.4930-3  2.4930-3  2.4930-3  2.4930-3 

NIAL(S)  4.6060-6  1.0511-6  1.1257-7  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0 

MI2AL3(S)  4.9075-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1 

MIAL3<S)  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  5.5969-9  6.0305-0  4.22600  3.763^-0  3.6979-8  3.6907-8 

AOOmoilAL  PROOUCTS  WHICH  WERE  COHSIOEREO  OUT  WHOSE  MOLE  fRACIIOHS  WERE  LESS  THAN  0.10000E  07  FC.l  ALL  ASSICHEO  COHOITIOHS 

AL{S)  AL(L)  HI(S)  IM(L)  HI  IH3Al(S) 

7 

,S  p,  ATM  1.0000-6  1.0000-6  1 .0000-6‘ 1 .0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6 

T,  OEG  K  2473  2423  2273  2123  2073  2023  1973  1923  1673  1023 

AL  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1  4.9917-1 

ALII  3.8741-9  5.2246-9  1.3052-0  4.2*63-8  6.3091-8  9.6489-6  1.5068-7  2.4051-7  3.9261-7  6.5477-7 

AR  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1  1.6639-1 

11  1.6639-3  1.6639-3  1.6638-3  1.6634-3  1.6631-3  1.6622-3  1.6607-3  1.6574-3  1.6503-3  1.6344-3 

112  5.6357-9  0.9129-9  3.9712-0  2.1764-7  4.0406-7  7.7566-7  1.5338-6  3.1344-6  6.6207-6  1.4413-5 

Ml  3.3270-1  3.3273-1  3.3270-1  3.3278-1  3.3270-1  3.3278-1  3.3270-1  3.3278-1  3.3278-1  3.3278-1 

AOOIIIOMAL  PROOUCIS  WHICH  WERE  COHSIOEREO  BUt  WHOSE  HOLE  FRACTItlHS  WERE  LESS  THAH  O.lOOOOE-07  FOR  ALL  ASSICHEO  COHOITIOH 


ALLS) 

AL(L) 

HI(S) 

MI(L) 

HI3AL(S)  HIAL(S) 

H12AL3(S)  HIAL3(S} 

P,  AIM 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

1.0000-6 

I,  OEG  K 

1773 

1723 

1673 

1623 

1573 

1523 

1473 

1423 

1373 

1323 

■ 

4.9910-1 

4.9920-1 

4.9924-1 

3.2530-1 

2.5745-1 

2.5049-1 

2.4  9  73-1 

2.4966- 1 

2.9372-2 

0.7044-3 

-  ALII 

1.1103-6 

1.0099-6 

3.1401-6 

5.4735-6 

7.3335-6 

9.4607-6 

1.2004-5 

1.5090-5 

3.0058-6 

1.1947-6 

AR. 

1,6639-1 

1.6640-1 

1.6641-1 

2.2432-1 

2.4697-1 

2,4933-1 

2.4962-1 

2.4967-1 

4.6943-1 

4.8998-1 

II 

I. 5909-3 

1.5212-3 

1.3605-3 

1.2393-3 

0.2956-4 

5.1119-4 

2.9434-4 

1.5911-4 

1.1206-4 

5.4008-5 

H2 

3.1992-5 

7.0477-5 

1.4626-4 

4.9922-4 

0.1630-4 

9.0634-4 

1.0950-3 

1.1612-3 

2.2096-3 

2.4210-3 

HI 

3.3279-1 

3.3200-1 

3.3283-1 

1.0090-’ 

1.0492-2 

1.1603-3 

1.1477-4 

9.5060-6 

5.6004-6 

1.0774-6 

HIAL(S) 

0.0000  0 

0.0000  0 

0.0000  0 

3.4766-1 

4.0344-1 

4.9750-1 

4.9913-1 

4.9933-1 

5.0732-2 

1.7568-2 

HI2AL5(S) 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

0.0000  0 

4.4006-1 

4.8119-1 

AOOinoHAL  PROOUCIS  WHICH  WERE  COHSIOEREO  BUI  WHOSE  HOLE  FRACIIOHS  WERE  LESS  IHAH  0.10000E-07  FOR  ALL  ASSICMCD  COHDIIlr  ’ 

$ 

Al(S)  Al(L)  NKS)  NI(L)  HI3AL(S)  HIAL3(S)  ; 


P,  ATH  1.0000-6  1.0000-6  1.0000-6  ’.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6  1.0000-6 

I,  OEG  K  1273  1223  1173  1123  1073  1023  973  923  073  023  773 

AL  2.305  -3  5.00S;.-4  1.252  -4,?. 340  -5  3.760  -6  5.021  -7  5.536  -0  5.524  -0  5.517  -0  4.007  -9  1.779-10 

ALII  4.190  -  7  1.342  -  7  3.872  -  0  9.975  -  9  2.250  -  9  4.409-10  7.390-11  1.173-10  1.963-10  2.542-11  2.167-12 

'  AR  4.9637-1  4.9017-1  4.9063  1  4.9nn-I  4.9075-1  4.9875-1  4.9075-1  4.9875-1  4.9075-1  4.9075-1  4.9075-1 

H  2.492  -5  1.054  -5  4.130  -6  1.495  -6  4.919  1.454  -7  3.797  -0  8.509  -9  1.643  -9  2.575-10  3.187-11 

M2  2.4692-3  2.4055-3  2.4910-3  2.4929-3  2.4935-3  2.4937-3  2.4937-3  2.4930-3  2.4930-3  2.4930-3  2.4930-3 

HI  1.792  -7  2.571  -0  3.124  -9  3.144-10  2.552-11  1.620-12  7.533-14  6.418-17  2.410-20  1.772-22  0.605-25 

HIAL(S)  4.7702-3  1.1619-3  2.5034-4  4.6I171-5  7.4004-6  0.9342-7  O.OpOO  0  0.0000  O'O.OOOO  0  0.0000  0  O.OOOO  0 

HI2AI,3CS)  4.9390-.  4.9759-1  4.9050-1  4.9071-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1  4.9075-1 

HIA1,3<S)  0.0000  0  0.0000  0  0.0000  0  0.01100  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  0.0000  0  9.6344-0  4.2574-8 

AOOIIICIIAL  PROOUCIS  WHICH  WERE  COHSIOEREO  OUI  WHOSE  HOLE  IRACTIOHS  WERE  LESS  IHAH  0.10000E-07  FOR  ALL  ASSIGHED  COHOII! 

Al(S)  AL(L)  IM(S)  HUL)  NI3AL(S) 

KHALI  OUI  15II3  l-OI-OO  5:358 

III1A12  OUT  11730  1-01  00  5:43.-i 
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Defense  Technology  International,  Inc.,  The  Stark  House,  22  Concord  Street, 
Nashua,  NH 
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Dr. 
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1  Dr.  R.  Darolia,  Mail  Drop  M89 

Sandia  National  Laboratory,  Division  1822,  Albuqyerqye,  NM  87185-5800 
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Troy,  NY  12180-3590 
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